Carsigho Nozicnals
dels Ricsrche

S\TAT/g REGIONE

& 8% TOSCANA

E W A~ ® > :

2 /F &

ROV &L S

Pyt i
N
UNIVERSITA Glovamr 5/
DI SIENA
1240

DEPARTMENT OF LIFE SCIENCES
PhD in Life Sciences
Cycle XXXIII

Coordinator: Prof. Massimo Valoti

EFFECT OF ENDOCRINE DISRUPTORS ON HUMAN ENDOMETRIAL
STROMAL CELLS AND THEIR INTERACTION WITH TROPHOBLAST

Scientific-disciplinary sector: BIO/09

' s L. L
Tutor: Prof.ssa Luana Ricci Paulesu ;( wore e Ve
Co-Tutor: Prof. Leonardo Ermini %,;/,,x /(ﬂ‘ﬂ’ﬂ/\

PhD student: Camilla Manzan Martins

&mﬂa Mw%m }J(@ﬂlﬂ\q

Academic Year 2021/2022



Abstract

Decidualization is crucial for embryo development and implantation, placenta formation
and fetal growth. This process is characterized by morphological and biological changes in
endometrial stromal cells that play a key role on fetal trophoblast migration and invasion.
Successful placentation depends on the interaction between endometrial stromal cells and
extravillous trophoblast cells. The trophoblast spheroids, a 3D culture model, is reported to
appropriately mimic the in vivo situation, and reflect the cell to cell interaction. The
Bisphenol A (BPA) and para-nonylphenol (p-NP) are endocrine disrupting chemicals
(EDCs), present in the polycarbonate plastics used in many products such as food
packaging, bottles and beverage cans and as an intermediate in the production of phenolic
resins. Studies demonstrated that maternal exposure to EDCs, at environmentally relevant
concentrations, are associated to aberrant early embryo development and uterine
receptivity due to their estrogenic activity. Nowadays it is known that environmental
contaminants can change stromal cell decidualization and trophoblast migration. In the
present study, we developed a simple 3D culture model using transformed human
endometrial stromal cells (tHESCs) and immortalized first trimester human extravillous
trophoblast cells (HTR-8/SVneo). The aim of this work was to evaluate the effect of BPA
and p-NP on endometrial stromal cells during decidualization and their interaction with
trophoblast spheroids. The data showed that pre-exposition to p-NP of endometrial stromal
cells impaired decidualization interfering on the cross-talk with trophoblast and altering

lysosomes biogenesis and consequently leading to an impairment in trophoblast migration.
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1. Introduction
1.1 Materno-fetal interface

1.1.1. Human placenta

1.1.1.1. Placenta formation

Human pregnancy is an important and complex process during which the cross-talk
between mother and fetus plays a key role in pregnancy development.
The placenta derives from the trophoblast, the outer layer of the blastocyst, a structure
formed in the early development of the embryo. The embryo derives from the union of a
spermatozoon with an egg cell giving rise to a new cell, called the zygote, the earliest
manifestation of a newly formed offspring, which possesses half the genes of paternal origin
and half of maternal origin. As soon as it has formed, around day 5, the zygote moves down
the oviduct towards the uterus where it will go to implant. In approaching the uterus, this
small being turns into a hollow sphere, blastocyst, which has an outer layer of cells that will
form the placenta (trophoblast) and an inner group of cells that will become the embryo
(Mayhew, 2001). Placenta development starts once that blastocyst, adheres to the uterine
wall and begins the implantation process, approximately 7 days after the fertilization
(Benirschke and Kaufmann, 1990).
During the formation of placenta, fetal trophoblast proliferates and differentiates forming
arborescent structures named chorionic villi. In its development, the fetal trophoblast gives
rise to two different cell populations: the villous (I) and the extravillous trophoblast (II). (I)
The villous trophoblast constitutes the epithelial covering of the chorionic villi immersed
into maternal blood (floating villi). It is distinguished in an internal layer of mononuclear
proliferative cells, the villous cytotrophoblast (CT), and an external layer of multinucleated

differentiated cells, the syncytiotrophoblast (ST) which, being in direct contact with the
1



maternal blood, allows the nourishment of the fetus and the exchange of gas (Goldman-
Wohl and Yagel, 2002). In addition, the ST produces hormones such as human chorionic
gonadotrophin (B-hCG) and placental lactogen (hPL), fundamental for pregnancy. In some
villi, the CT cells proliferate, forming cell columns that attach the chorionic villi to the
decidua (anchoring villi). This the extravillous trophoblast (EVT) which then, migrates and
invades the uterine tissues to remodel the extracellular matrix (ECM) and the arterial blood
vessels (spiral arteries) (Figure 1). The vascular changes contribute to the increase of blood
flow with the aim to supply the high need of the placenta and developing fetus (Burton et
al., 2009; Knofler, 2010). Therefore, proper migration and invasion of the trophoblast are
essential for the formation of the placenta and its interaction with the maternal uterus.

The placentation process is strictly regulated by molecular factors secreted by the tissues at
the materno-fetal interface, the trophoblast and the decidua, and exerting their action on
complementary tissues, acting as communication signals between mother and fetus
(Massimiani et al., 2019). This exchange of molecules, called maternal-fetal cross-talk,
includes growth factors and immunoregulatory molecules (cytokines) essential to allow
efficiency and synchrony of events as well as maternal immune tolerance towards the semi-

allogeneic embryo (Kelleher et al., 2018).
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Figure 1. Trophoblast cell population in the human placenta. Chorionic villi immersed in
the intervillous space (floating villi): the epithelium is formed by an internal layer of
proliferative  cytotrophoblast (CT) and an external layer of differentiated
syncytiotrophoblast (ST). Extravillous trophoblast (EVT) deriving from the villi connected
to the uterus (anchoring villi): trophoblast cell columns, invasive trophoblast in uterine
tissue and spiral arteries and trophoblast giant cells (GC). Decidualized human endometrial

stromal cells (HESC) can limit the EVT invasion.

1.1.1.2. Trophoblast invasion and migration

The trophoblast invasion can be characterized as a 3D spatial migration in which, EVTs

perform several changes in the microenvironment. The EVT secretes matrix



metalloproteinases (MMPs), cathepsins and urokinase plasminogen activator that allow the
physiological remodeling of the ECM (Cohen et al., 2006; Lala and Chakraborty, 2003;
Varanou et al.,, 2006) Moreover, the EVT secretes proteins that are regulated by ECM
receptors, such as cadherins, gap junction molecules, and integrins enabling its migration
into maternal tissues and blood vessels (Staun-Ram and Shalev, 2005).

The MMP is a family of zinc-dependent proteolytic enzymes most of which are secreted as
proenzymes and processed to an active form in the extracellular compartments (Nagase,
1997). The gelatinase group, known to degrade the denatured collagens (gelatines), is
formed by MMP-2 (gelatinase A) and MMP-9 (gelatinase B). The interest in these enzymes
is due to their capacity of degradation the type IV collagen, a major component of the
basement membranes and ECM proteins, like fibronectin, laminin, elastin and vitronectin,
which connect cells to the ECM (Cohen et al., 2006; Isaka et al., 2003).

During the invasion process several classes of proteins are altered. In addition to
degradation of the ECM components by MMPs, the invasive trophoblast switches the
adhesion molecules phenotype (Damsky et al., 1994). One of these affected proteins is the
integrin, a heterodimeric membrane glycoprotein formed by a and P subunits which link
ECM components to cells.

As the trophoblast differentiates into EVT, it upregulates a5pl integrin expression, a
fibronectin receptor, favoring the adhesion cell-ECM and the migration of trophoblast into
the decidua (Bischof et al., 2000; Redman, 1997). Another class of altered proteins, during
the invasion process, is the cell-cell adhesion molecules, more specifically, the adherent
junction protein E-cadherin which is progressively downregulated as the EVT invades the
maternal tissues (Zhou et al., 1997). So, the secretion of MMP and the changes in the

adhesion molecules expression characterize the invasive phenotype of the EVT cell.



Moreover, as the EVT invades the decidualized endometrium it comes across with
endometrial decidualized cells and immune cells. Trophoblast invasion is strongly
controlled spatially and temporally by factors produced by both trophoblast and
endometrial cells (Singh et al., 2011). This control takes place by different processes, such as
expression of protease inhibitory molecules or by trophoblast endoreduplication processes
(Graham and Lala, 1991; Martindill and Riley, 2008). The endometrial cells produce tissue
inhibitors of metalloproteinases (TIMPs) and plasminogen activator inhibitors that tightly
regulate the trophoblast invasion (Bischof et al., 2000; Lala and Hamilton, 1996). So, the
balance between the secretion of MMPs by trophoblast and inhibition by TIMPs is a
determinant factor in the control of the invasion process. As the EVT moves deeper into the
decidua, its invasive capacity stops at the level of the inner third of the myometrium
becoming multinucleated giant cells (GC) by an endoreduplication process (Bischof and
Irminger-Finger, 2005; Martindill and Riley, 2008).

Alterations in placental development, more specifically, failure in trophoblast invasion
regulation can lead to gestation complications, such as early pregnancy loss (Ball et al.,
2006), fetal growth restriction (Khong et al., 1986; Romero et al., 2011), preeclampsia
(Goldman-Wohl and Yagel, 2002) and placenta accreta (Li et al., 2014). In a preeclampsia
situation, alteration on trophoblast differentiation limits its invasion in the decidua
providing a poor remodeling of the blood vessels (Fisher, 2015). Otherwise, in the placenta
accreta disorder, an excessive invasion of EVTs into the uterus leads these cells to reach the
underlying uterine myometrium, the uterine serosa or in some situations extending to

pelvic organs (Li et al., 2014; Pifias Carrillo and Chandraharan, 2019).



1.1.2. Endometrium
The intimate contact between the mother and the fetus is coordinated in order to ensure a
successful pregnancy. The maternal uterus consists of various cell types including the
epithelial cells which line the uterine and the glandular lumen, the stromal and endothelial
cells. The human endometrium undergoes, monthly, structural and physiological changes
controlled by steroid hormones, 17-p Estradiol (E2) and progesterone (P4) (Schaefer et al.,
2010; Sharkey and Smith, 2003). In the proliferative phase, E2 promotes mitosis in several
types of uterine cells including stromal fibroblasts, vascular and epithelium cells to repair
the endometrial tissue released during the menstruation period. On the secretory phase, P4
induces changes in the epithelial cells favoring adhesion and implantation of the blastocyst
(Hombach-Klonisch et al., 2005) and in the stromal cells inducing their differentiation into
decidual cells (decidualization) preparing the uterine mucosa for embryo implantation

(Hawkins and Matzuk, 2008) (Figure 2).
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Figure 2. Morphologic changes of endometrial tissue during the menstruation cycle.

(Adapted from Devis-Jauregui et al 2021).



1.1.2.1. Decidualization

Endometrium is a dynamic tissue in which cyclic growth and breakdown occur monthly.
Decidualization of the endometrium occurs spontaneously in every normal menstrual cycle
during the late secretory phase, when the uterus is receptive to embryo attachment, in the
event that fertilization of the egg has occurred (Pellicer et al., 2002) (Figure 2). If blastocysts
implants the decidualization intensifies for the maintenance of high levels of P4 (Brosens et
al., 2002).

During decidualization, including extracellular matrix remodeling and becomes more
vascularized, reaching a maximum at around days 21-23, a period named “implantation
window” (Donaghay and Lessey, 2007; Yoshinaga, 1988). This is the time of maximum
uterine receptivity, a critical event in female reproduction due to its limited duration and
occurrence only once per cycle. In this period, the apical uterine epithelium surface develops
pinopodes (micro protrusions) and the endometrial glands enhance their secretory activity,
creating a suitable nutritive milieu for the embryo adhesion and implantation (Caballero-
Campo et al., 2002; Gellersen and Brosens, 2014). The elongated fibroblast-like human
endometrial stromal cells (HESCs) differentiate into decidual cells in response to
progesterone, characterized by morphological changes and biochemical modifications.
These changes consist in accumulation of lipids and glycogen in the cytoplasm, increase and
dilatation of rough endoplasmic reticulum (ER) and Golgi apparatus, increased synthesis of
extracellular matrix proteins such as type IV collagen, fibronectin and laminin as well as the
secretion of prolactin (PRL) and insulin-like growth factor binding protein-1 (IGFBP-1)
(Christian et al., 2002; Dunn et al., 2003; Gellersen and Brosens, 2014; Pan-Castillo et al.,

2018). Being the PRL and IGFB-1 the main products of endometrial stromal cells, these two



molecules are used as key markers of the decidualization process (Gellersen and Brosens,
2014).

Furthermore, the decidua is able to regulate fetal trophoblast invasion establishing with it
an intense cross-talk via molecular and cellular interaction (Staun-Ram and Shalev, 2005).
The ECM consists of a heterogeneous network of collagen and fibronectin that supports EVT
migration by concerning interactions with cell surface integrins, alf31 and a5p1 respectively
(Lopez-Mejia et al., 2013). Furthermore, decidualized human endometrial stromal cells
(HESCs) express a tissue specific variant of fibronectin, which being one of the ECM
components can promote trophoblast invasion (Talukder et al., 2018). So, during
decidualization the decidua is able to control the invasion of EVT by up- or down-regulating

expression of the proteins present in the ECM.

1.1.2.2. Lysosomes and decidualization

It has been reported that lysosomes participate in many physiological processes including
implantation and placentation (Nakashima et al., 2020). Changes in decidualized stromal
cells morphology besides the accumulation of lipids and glycogen include an increase of the
number of lysosomes in their cytoplasm (Kajihara et al., 2014). Lysosome activity has been
associated with endometrial health and preimplantation of embryo. Lysosomal dysfunction
showed effects on preimplantation process. Downregulation of lysosome-associated
membrane protein 1 and 2 (LAMP-1 and LAMP-2) leads to mouse embryo arrest

(TSUKAMOTO et al., 2013).

Lysosomes are acidic and membrane-bound organelles that participate in many

physiological processes such as endocytosis/phagocytosis, autophagy and exocytosis
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(Eskelinen et al., 2003) (Figure 3). Lysosomes are originated by the Golgi compartment as
small vesicles that appear extremely electron dense and are named primary lysosomes.
These vesicles can fuse with other vesicles and vacuoles inside the cell to form the secondary
lysosomes (Samie and Xu, 2014). It is a level of secondary lysosomes that we have the
degradation and recycling of cellular material. The particles destined for degradation come
from extracellular compartment by invagination of the plasma membrane forming
endocytic vesicles that fuse with lysosomes giving rise to endolysosome enabling the
particles degradation (Huotari and Helenius, 2011). Autophagy is another way in which
intracellular molecules are addressed to lysosomes to de degraded. The autophagosome
englobes cytoplasm organelles and proteins, fuses with lysosome forming the
autolysosomes, broke down the autophagic cargo and releases the monosaccharides, amino
acids and fatty acids into the cytoplasm making them available to be reused (Bildirici et al.,

2012; Ruivo et al., 2009).

Lysosomes are also subjected to lysosomal exocytosis (Medina et al., 2011). The acidic
organelles are targeted to the plasma membrane where they fuse and release their content
rich in acid hydrolases outside the cells (Chieregatti and Meldolesi, 2005). Lysosomal
exocytosis plays an important role in several cellular processes, such as plasma membrane
repair, cell signaling and immune responses (Andrews, 2002; Bossi and Griffiths, 2005;

Rodriguez et al., 1997).

It is well known that the action of proteases plays a key role during decidua remodeling
regulating the invasion and implantation processes (Walter and Schonkypl, 2006). Besides
the activity of the MMPs, lysosomal proteases such as the Cathepsins (CTPS D) which are

active in an acidic environment and are released outside the cells by lysosomal exocytosis,



are able to digest matrix proteins, including fibronectin and type IV collagen (Buck et al.,
1992) and to activate other proteases that play a role in matrix degradation (Conus and

Simon, 2008; Vizovisek et al., 2019).

In synthesis, decidualization is essential for successful blastocyst implantation facilitating
its interaction with the uterine epithelium, its invasion into the maternal uterus and creating
an ideal nest for fetal growth and development (Caballero-Campo et al., 2002; Ghosh and
Sengupta, 1998; Pellicer et al., 2002). Any alteration during decidualization process could to
embryo implantation and placentation failure, miscarriage and intrauterine fetal growth

restriction (Cha et al., 2012; Gellersen et al., 2007).
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Figure 3. Lysosomal membrane trafficking pathways. (Adapted from Samie and Xu,
2014).
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1.2. In vitro models

The placenta is a very complex organ with a relevant ability to establish an intense and
refined cross-talk between both, the uterus and the fetus. The placenta is a species-specific
organ, showing different features between one animal species and another. On the basis of
the relationship between this organ and the uterine tissues, the placenta takes different
names, in different species. It is called hemochorial when the trophoblast invades the uterine
tissue up the spiral vessels and makes direct contact with the maternal blood, endothelio-
chorial, when the trophoblast reaches the endothelium of the uterine vessels but without
destroying it and epithelio-corial when the trophoblast is affixed to the uterine epithelium
without penetrating it. Human placenta is of hemochorial-type like that of mice and rats,
although presenting anatomical and functional differences with these species (Rai and
Cross, 2014; Soares et al., 2018). Because of the numerous variations among the different
types of placenta, studies in humans are mainly performed in tissues from human
pregnancy. Over the years several in vitro models have been proposed to facilitate the study
of the maternal and fetal compartments. In particular, human placentation research has

been mainly based on the use of 2D and 3D models of trophoblast and / or endometrial cells.

Primary trophoblast cells can be obtained by enzymatic digestion from fresh placenta. These
cells, although well representing the in vivo situation, have low proliferative activity and
cannot be cultured for long periods, which makes it difficult to perform some type of
investigation. So, many studies have used cell lines that can proliferate indefinitely such as
choriocarcinoma-derived cells or immortalized cell lines. Many studies have used BeWo,
JEG-3 and JAR cells (choriocarcinoma-derived cells) due to their ability to produce

hormones, including hPL, B-hCG and P4, and to differentiate in syncytiotrophoblast

11



(Almeida et al., 2021; Serrano et al., 2007). On the other hand, HTR-8/SVneo (immortalized
cell line) is considered to be representative of EVT based on its invasive features which
expand out of the chorionic villi and migrate into the maternal decidua (Graham et al., 1993).
HTR-8/SVneo cells are originated from first trimester human placenta and immortalized by

transfection with simian virus 40 large T antigen (Graham et al., 1993).

Therefore trophoblast monolayers have been used to investigate placental mechanisms,
several studies have approached 3D sphere-like tightly bound cellular aggregates, to study
human implantation. The 3D-spheroids culture model represents more realistically the in
vivo process implantation respect to 2D monolayers culture, once trophoblast spheroid

mimics the blastocyst at the early phase of attachment and invasion to the maternal decidua

(Hohn and Denker, 2002; Wang et al., 2013).

There is a diversity of processes to obtain the 3D spheroids model. It is generally obtained
by the cells culture in low-attachment plates, or plates covered with non-adhesive materials,
for example, agarose, hyaluronic acid (HA) (Basharat et al., 2020), as well as hanging drops
(Jensen and Teng, 2020; Tiwari et al., 2004) In these methods the cell attachment is inhibited
by different ways, allowing spontaneous formation of spheroids by promoting cell-cell
adhesion (Achillietal., 2012; Ryu et al., 2019). Costa and co-workers, elucidated the spheroid
organization demonstrating that it is formed by three layers: a. external layer formed by
proliferative cells; b. intermediate layer composed by quiescence cells; c. inner layer which

has acidic and hypoxic characteristics constituted by necrotic cells (Costa et al., 2016).

The HESCs are representative cells of maternal decidua, which can be isolated from
endometrial human biopsies (Menkhorst et al., 2012; Pan-Castillo et al., 2018) and cultured

as a primary cells. Given the difficulty of maintenance of primary culture, these cells can be

12



immortalized by telomerase transfection facilitating it culture (tHESC) (Krikun et al., 2004).
These cells preserve the characteristics of the endometrium tissue making it an ideal model

to in vitro studies.

Over the years several in vitro models have been developed including trophoblast and
endometrial cell cultures. Moreover, in order to better reflect the in wvivo situation, 3-
dimensional models of human trophoblast and co-culture systems including both fetal and
maternal uterine cells have been developed. A number of studies have done a variety of 3D
co-culture models (Fan et al., 2020a; Gao et al., 2019; Li et al., 2018; Moser et al., 2010)
including fetal trophoblast spheroids or placenta explants in direct or indirect contact with
endometrial stromal cells. The 3D co-culture with direct contact in some studies was
performed with trophoblast spheroids on a HESC monolayer (Gao et al, 2019;
Wongwananuruk et al., 2016) or with HESCs embedded in a matrix (Haider et al., 2018;
Wang et al., 2012). The co-culture with an indirect contact was done with trophoblast treated
with HESC-conditioned medium (Mannelli et al., 2014; Menkhorst et al., 2019) or using a
Transwell culture with trophoblast on the upper chamber and the HESCs on the lower
chamber (Fan et al., 2020b; Manzan-Martins and Paulesu, 2021, Wongwananuruk et al.,

2016) (Figure 4).

Therefore the 3D co-culture models showed to be an interesting tool for the materno-fetal

studies, due to its potential to represent better the in vivo situation.
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Figure 4. Co-culture models of fetal trophoblast and human endometrial stromal cells.
Trophoblast spheroids on HESC monolayer (A) or HESCs in a matrix (B), trophoblast
spheroids in HESC-conditioned medium (C) or in a Transwell with trophoblast spheroids
in the upper chamber and HESCs in the lower chamber (D) (Modified by Manzan-Martins
and Paulesu, 2021).

1.3. Endocrine Disruptor Chemicals

The Endocrine Disruptor Chemicals (EDCs) constitute a large and heterogeneous group of
substances including environmental contaminants, compounds used in industrial and
consumer products and natural compounds as phytoestrogens (Caserta et al., 2008). Many
of EDCs possess chemical-physical characteristics that allow their persistence in the
environment for long periods and the accumulation in the fat and in other tissues of animals,

and humans, that assume these compounds through the food chain (Galloway et al., 2010).

Given the widespread distribution of the EDCs in the environment, it is almost inevitable

for humans to avoid their contamination. EDCs concentrations have been indeed found in
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tissues and body fluids of most inhabitants even in agricultural and non-industrialized areas
(Ghisari and Bonefeld-Jorgensen, 2009; Ho et al., 2017). Many of EDCs share many analogies
with the natural estrogens and can interfere with the role of these hormones in reproductive
processes. These chemicals in fact are able to act on estrogen-responsive organs by binding
to estrogen receptors isoforms, ERa and ERp, and regulating target gene expression (Baker
and Chandsawangbhuwana, 2012; Nagel and Bromfield, 2013). In general, the effect of
different EDCs with estrogen-like activity have been shown in the brain, in the thyroid, as

well as in female and male reproductive tissues (Caserta et al., 2008; Ho et al., 2017).

In the last years has been an increasingly consideration of the impact of EDCs on prenatal
exposure. Prenatal life is a critical and plastic period of development during which external
insults can lead to permanent changes in cells, tissues and even in the whole organs (Barker
et al., 2002). On the “Fetal origin of adult diseases” the hypothesis postulated by Barker
consist on any alteration in growth and development during early life can persist even after
birth, and lead to an increased risk of developing dysfunctions in adulthood (Barker, 1990;
Barker et al., 2002). Therefore, exposure to EDCs during early development can lead to some
placental disorders and may also predispose the fetus to the risks for developing chronic

diseases in adult life (Benincasa et al., 2020; Burton et al., 2016).

Among the adult disorders that can be potentially caused by the prenatal exposure to EDCs

are neurological, cardiovascular and metabolic diseases (Bronson and Bale, 2016) .
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1.3.1. Bisphenol A

Bisphenol A (BPA), a representative EDCs with well recognized estrogenic activity and
wide diffusion in several items to produce plastics and resins. BPA is a monomer that can
be found in polycarbonate plastics and metal cans used for food and beverages, baby toys,
medical and dental devices, and many other things with which we are in straightly contact
every day (Berger et al., 2010; Ghisari and Bonefeld-Jorgensen, 2009; Ikezuki et al., 2002).
Although the use of BPA in specific products for babies has been banned in some countries
of the European Union (European Union (EU), 2011) in the last years, this chemical is
present in such a large number of items that is almost impossible to avoid contamination

from this product.

Measurable levels of BPA have been indeed detected in fluids and tissues of the majority of
individuals (Calafat et al., 2005; Rubin, 2011). Human prenatal exposure to BPA is revealed
by the detection of this chemical in the placenta amniotic and follicular fluid, as well as in
cord blood (Cao et al., 2012; Ikezuki et al., 2002). BPA can also be transferred through the
placenta and reach the fetus (Merck et al., 2010). Besides its estrogenic activity, BPA can also
exhibit antiprogestin activity, binding to progesterone receptors (Baker and
Chandsawangbhuwana, 2012; Scippo et al., 2004). Estrogens and progesterone are key
hormones for reproduction and pregnancy, interference with the action of these hormones
by BPA can agonize or antagonize their effect by altering normal physiologic processes

(Lassen et al., 2014; Leonel et al., 2020; Mufioz-de-Toro et al., 2005).

Many studies have been performed to test the effects of BPA in the prenatal life in order to
evaluate the potential risks of maternal exposure to these chemicals on fetal growth and

development (Benincasa et al., 2020; Ermini et al., 2021; Strakovsky and Schantz, 2018).
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Furthermore, BPA can cross the placenta and interfere in implantation and placentation
processes, leading alterations on migrations and invasion of trophoblast cells (Wang et al.,
2015; Wei et al.,, 2020). In that way, our group have elucidated by many works the
interference of BPA on the placenta. Mannelli and co-workers showed that BPA affect
decidualization markers, such as a decrease on PRL expression compromising the uterine
receptivity (Mannelli et al., 2015). Furthermore, BPA also interferes with the differentiation
of trophoblast, increasing the endoreduplication processes in HTR-8/SVneo, consequently
reducing the trophoblast invasion rate (Spagnoletti et al., 2015). This chemical also lead to
an increase of P-hCG secretion and cell fusion BeWo cells, a characteristic of the ST

phenotype (Narciso et al., 2019).

Therefore the presence of BPA at the materno-fetal interface may have a significant effect

on placentation and pregnancy development.

1.3.2. para-Nonylphenol

para-Nonylphenol (p-NP) is another potential hazardous chemical representative of EDCs.
p-NP is an alkylphenol ethoxylate mostly used as an intermediate in the production of
phenolic resins, such as household and cleaning products personal care products, chemical
stabilizers, pesticides and an antioxidant used widely in some plastics (de Weert et al., 2008;
White et al., 1994). These alkylphenol ethoxylates are sprayed into rivers and sea with urban
and industrial wastewater, and once into the environment, they are broken down by
microorganisms into nonylphenol ethoxylate by-product (Rudel et al., 2003; White et al.,
1994). p-NP can be ingested by human via contaminated food or water, by inhalation or

cutaneous absorption (Guenther et al., 2002; Monteiro-Riviere et al., 2000). This compound
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was synthesized in 1940 and widely used until 2003 when the European Union implemented
a reduction policy of its use for the industry (Commission Directive 2003/53/EC, 2003).
Although nowadays its use has been greatly reduced, p-NP is still detected in several

environmental matrices such as water and soil (David et al., 2009; Gatidou et al., 2010).

Moreover, studies have reported that p-NP exhibits estrogenic activities in vitro (Soto et al.,
1991; White et al., 1994) and in vivo (Laws et al., 2000) experiments. In 1991, Soto and co-
workers showed that p-NP induces estrogen and progesterone receptor synthesis and cell
proliferation in breast cancer cells (Soto et al., 1991). Furthermore, there are evidence that p-
NP can cross the placental barrier and induce calbindin-D9k (CaBP-9k) mRNA and protein
expression in the neonatal uterus (Hong et al., 2004; Kwack et al., 2002). Besides that, p-NP
has been detected in blood samples of pregnant women and in fetal serum at a concentration
of 5.68 ng/g and 2.95 ng/g, respectively (Cao et al., 2012; Chen et al., 2008; Li et al., 2014;

Schonfelder et al., 2002).

In the last decade, besides the research about the effects of BPA, our group has been
dedicated to studying the maternal exposure to p-NP. In particular, the treatment of
placenta explants with low doses of p-NP showed an increase in $-hCG secretion and cell
apoptosis (Bechi et al., 2006). Beyond that, the exposure of BeWo cells to p-NPP demonstrated
that the release of 3-hCG was altered resulting in hormetic or biphasic behavior, in which
high concentrations of p-NP decrease the p-hCG secretion and lower concentrations increase
the hormone secretion (Bechi et al., 2013). The potential of p-NP as well as of other EDCs in
altering B-hCG production suggests that this action could exert pregnancy pathologies, in
that way P-hCG serum levels could represent a potentially useful clinical biomarker of

inappropriate prenatal exposure to EDCs (Paulesu et al., 2018). We have shown that p-NP
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can also induce the release of placental cytokine secretion, such as GM-CSF and IL-10 (Bechi
et al., 2010). Furthermore, treatment with low doses of p-NP reduced trophoblast migration
and invasion on HTR-8/SVneo cells by increasing the endoreduplication process and

reduced trophoblast/endothelial interaction (Spagnoletti et al., 2015).

Therefore, based on the extensive studies carried out by our group on BPA and p-NP and
the relevance of these compounds during pregnancy we decided to elucidate the role of

these chemicals on trophoblast interaction with endometrial stromal cells.
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2. Aim of the study

This study aimed to examine the effect of EDCs pre-natal exposure in tissues at the materno-
fetal interface. In particular, we investigated if the maternal contamination with BPA or p-
NP was able to impair stromal cell decidualization and placentation. In this context, a 3D
co-culture model was used to represent the complex interaction between maternal and fetal

tissues.

20



3. Material and Methods

3.1. Cell culture
3.1.1. Culture of Endometrial Stromal (tHESCs) and HTR-8/SVneo cells

Human endometrial stromal cell line (tHESC; ATCC® CRL 4003™, Manassas, VA, USA)
and the HTR-8/SVneo cells (a kind gift from Professor Charles Graham of the Department
of Anatomy and Cell Biology at Queen's University (Kingston, ON, Canada) were used in
this research project. tHESC and HTR8 were cultured in DMEM-F12 medium without
phenol red (Sigma Chemical Co). supplemented with 10%(v/v) fetal bovine serum (FBS)
(Biochrom, Berlin,Germany), 100U/ ml penicillin/streptomycin, and 1% (v/v) glutamine
(2mM; Sigma Chemical Co), named as complete medium. 1% (v/v) sodium pyruvate (100
mM; Pan Biotech) was added in tHESCs medium. The cells were maintained in culture in

75 cm?2 flasks in a humidified air atmosphere (5% COz) at 37°C until 80% confluence reached.

3.1.2. HTR-8/SVneo Spheroids
HTR-8/SVneo spheroids (SPHD) were obtained as described by Friedrich (Friedrich et al.,
2009). Briefly, agarose-coated plates. were prepared using agarose (SeaKem® LE Agarose,
Cambrex) dissolved in deionized autoclaved water at a concentration of 1,5% . 96-well plate
was coated with 100 ul/well of agarose solution. After solidification, the agarose formed a
concave low attachment surface. To ensure sterilization, the agarose-coated plate was

exposed uncovered to the UV-light of the laminar flow hood for 30 min.

HTR-8/SVneo cells were seeded in 25 cm? flasks and cultured until 70% confluency. The

cells were then trypsinized counted and plated (1000 cells in 100 pl) in agarose-coated wells.
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After that, cells were maintained in culture in a humidified air atmosphere (5% CO») at 37°C

until the formation of SPHDs (48h).

3.2. Experimental Plan
3.2.1. in vitro decidualization and conditioned medium from tHESC exposed to

treatment with BPA and p-NP

tHESCs (1.5 x 105) were cultured in 6 well-plates with steroid hormones to simulate the in
vivo conditions. The cells were first maintained for 78 hrs without hormones. The medium
was then replaced with a fresh one containing E2 (10-8 M) (Sigma-Aldrich) and 2% (v/v) to
better replicate the proliferative phase (priming) and FBS without E2 (charcoled FBS).
Finally, for the next 78 hrs the cells were exposed to E2 (10 nM) + P4 (1 mM) + cAMP (0,5
mM) (Sigma-Aldrich) to mimic the secretory phase. In the treated group, BPA (1 nM)
(Sigma-Aldrich) or p-NP (1 nM and 1 pM) (Sigma-Aldrich) was added to the medium
containing the hormone cocktails that simulate the secretory phase. The E2+P4 were added
to the medium every day, meanwhile the cCAMP and the treatments (BPA or p-NP) were
added every two days, when the medium was renewed (Figure 5). In parallel cultures,
treatment with BPA or p-NP was substituted with the same aliquot of ethanol 0.1% (vehicle),

the solvent in which BPA or p-NP were dissolved (control cultures).
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Figure 5. tHESC Decidualization and BPA or p-NP treatment.
At the end of 72 h of incubation, the conditioned medium (tHESC-CM) was collected,

centrifuged at 13000 g, at 4 °C for 10 min and stored at -20 °C for futures analysis (see below).

The cells used for qPCR analysis were harvested in TriReagent solution (Roche), whereas
those for protein analysis were extracted in M-PER lysis buffer (Mammalian Protein
Extraction Reagent) supplemented with 1%(v/v) of HaltTM Protease and Phosphatase
Inhibitor Single-Use cocktail (Thermo Fisher). Both of them were sonicated on ice,
centrifuged at 12000 g for 10 min at 4 °C and stored at -80 °C until qPCR and western

blotting analysis.

3.2.2. Trophoblast spheroids in 3D co-culture model with decidualized tHESCs

The 3D co-culture model involves the decidualization of tHESC monolayers (described
previous at 3.2.1 item), the SPHD formation (described above at 3.1.2 item) and their 3D co-

culture model.

In order to verify the growth and the localization of the SPHD in the co-culture, HTRS cells
were labelled. Briefly, HTR-8/SVneo cells were seeded in 25 cm?flasks, cultured until 70%

confluency and stained with 10 mM CellTracker Green CMFDA (5-chloromethylfluorescein
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diacetate; Molecular Probes, Life Technologies) for 30 min at 37°C in the dark. The cells were
then trypsinized and 1000 cells in 100 pl were plated on agarose-coated plates as described

above (see 3.1.2 item) and cultured for 48 h (Figure 6).

Figure 6. Fluorescent stained spheroid (Sccale bar = 179,2um).

The stained HTR-8/SVneo SPHDs, were carefully transferred onto the decidualized
tHESC monolayer previously exposed to BPA or p-NP, and cultured with complete DMEM-
F12 medium without phenol red and with 2%(v/v) charcoled FBS. The co-culture was

maintained in a humidified 5% CO2-95% air atmosphere at 37°C, for 48h (Figure 7).

HTR-8/SVneo SPHD

I

—

£/ : = —> . tHESC
7 5 T “apconio]l " decidualized
f_‘; tHESC 3D control
EEeE==== decidualized group
HTR-8/Svneo ey
Bumeseent = HTR-§/SVneo SPHD
SPHDs _ = —
tHESC _’_.'-;:_! T tHESC
decidualized 3D BPA or p-NP decidualized
+BPA or p-NP group +BPA or p-NP

Figure 7. Workflow of 3D co-culture model. The labelled spheroids are seeded onto the
decidualized tHESC monolayer previously exposed to a BPA, p-NP or only vehicle.
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3.2.3. Trophoblast spheroid outgrowth
Pictures were taken after 24h and 48h of co-culture to measure the size of the SPHD in both
control and treated (BPA or p-NP) groups (Figure 8). The pictures were captured using a
fluorescent microscopy (Leica DMI 4000 B). The areas were measured by Image] software
(“Image],” n.d.) (NIH Image; https:/ /imagej.nih.gov/ij/) and the relative outgrowth area

was calculate using the following formula:

48h outgrowth area

SPHD out th = .
outgrow 24 h outgrowth area

SPHD expansion at 24h SPHD expansion at 24h

‘ — Outgrowth area

. : €=
SPHD expansion at 48h SPHD expansion at 48h .

Figure 8. Growth of spheroids on the tHESC monolayer and representative

scheme of outgrowth area.

3.2.4. Scratch test in HTR-8/SVneo cells with tHESC conditioned media pre-

exposed to p-NP.

In order to examine cell migration, the HTR-8/SVneo (2.5 x 105/ well) were seeded in 12

well-plate and cultured till 80% confluency. A straight scratch using a plastic tip was
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performed on the monolayer cells and the medium was replaced with complete DMEM
medium containing 2% FBS diluted with 1:1 with the tHESC conditioned media (tHESC-
CM) pre exposed to p-NP (1 nM and 1 pM) or only to vehicle and cultured in controlled
conditions, for 18 h. The images were taken with a phase-contrast light microscope at 0 h

and 18 h after scratching.

At the end of 18 h, the cells were extracted as described above (see item 3.2.1) and stored at

-80 °C until protein analysis.

3.3. Biochemical and Histological analysis
3.3.1. SDS Page and Western Blotting
3.3.1.1. Sodium dodecyl sulphate electrophoresis on polyacrylamide based

gel (SDS PAGE)

In order to remove the salt excess of the conditioned media, it was performed a solvent-
based precipitation (acetone and methanol). 200 pl of conditioned media were
supplemented with 2 mL of cold acetone/ methanol (1:1) and incubated 24 h at -20°C. After
that, the solution was centrifugated at 13000 g for 15 min at 4°C and the pellet resuspended
in 500 pl of cold acetone and incubated again at -20°C for 2 h. followed by another
centrifugation at the same conditions. The obtained pellet was resuspended and directly

loaded on the polyacrylamide gel.

Protein concentration of samples was determined by Bradford Protein Assay (Bio-Rad).
30pg of total protein were loaded on 7% and 10% acrylamide/bis-acrylamide

electrophoresis gel and separated as describe by Laemmli (Laemmli, 1970) using constant
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voltage (135V for 75 minutes) and a TGS buffer (25mM Tris, 190mM glycine, 0.1%(w/ V)

SDS).

3.3.1.2. Western Blotting

Proteins were electro-transferred onto nitrocellulose membranes for 2h at constant voltage
(100 V). The membranes were incubated for 1 h at room temperature in 5% (w/v) non-fat
dry milk in Tris-buffered saline pH 7.2 (TBS) as a blocking solution. After that, membranes
were incubated overnight at 4°C with the following primary antibodies described at the
Table 1. The nitrocellulose membranes were then washed three times with TBS-Tween20
(0.1% Tween20 in TBS) and incubated with the appropriated horseradish peroxidase-
conjugated IgG (Bio-Rad) at dilution of 1:2000 for 1 hour at room temperature. Another three

washes with TBS-Tween20 was done.

The reaction was revealed using chemiluminescent reagents (BioRad) and digitalized with

CHEMIDOC Quantity One 1D Analysis Software and quantified with.

Table 1. Antibody used on Western Blot analysis.

Antibody Biological Origin Dilution Product by
anti-human LAMP1 mouse 1:200 Santa Cruz
anti-human CD9 rabbit 1:250 Sigma-Aldrich
anti-human PRL mouse 1:500 Santa Cruz
anti-human Fibronectin | rabbit 1:500 Sigma-Aldrich
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anti-human a5 Integrin mouse 1:500 Santa Cruz
anti-human CX-43 rabbit 1:1000 Cell Signaling
anti-human MMP-2 rabbit 1:1000 Abcam
anti-human MMP-9 rabbit 1:1000 Abcam
anti-human CTPS D rabbit 1:1000 Cell Signaling
anti-human GAPDH mouse 1:2000 Sigma-Aldrich
anti-human p-actin mouse 1:3000 Cell Signaling

3.3.2. Quantitative Real Time PCR (qPCR)

Cells were removed in TriReagent solution and total RNA was purified with Direct-zol
RNA MicroPrep Kits (Zimo Research) following the manufacturer’s instructions. RNA
concentration and quality was determined spectrophotometrically by Nanodrop. The
absorbance ratio (260nm and 280nm) was approximately 2. After that, 1ug RNA was used
to synthesize cDNA by iScript Adv cDNA kit for RT-qPCR (Bio-Rad) according to the
manufacturer’s recommendations and the cDNA was then, stored at -20°C. Primers used
for gene amplification are PRL and TFEB. Quantitative real time PCR was performed on
Applied Biosystems 7900HT Fast-RealTime System (Applied Biosystems)  with
SsOAdvanced Universal SYBR® Green Supermix (Bio-Rad) according to the manufacturer’s
instructions. The primerPCR cycling protocol for amplification process consists of a initial
activation cycle of 2 min at 95°C, a denaturation with 40 cycles (5 sec at 95°C) and 1 cycle
of both annealing and extension (30 sec at 60°C). The melt curves were obtained by an

increment (0.5°C) in temperature from 65-95°C (5 sec/ step). The expression levels of mRNA
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were normalized to that of GAPDH and calculated using the 2-AACt method (Livak and

Schmittgen, 2001).

3.3.3. Phosphatase acid assay

In order to measure the acid phosphatase activity on tHESC conditioned media, Alkaline
Phosphatase Yellow (pNPP) Liquid Subtrate System ((Sigma-Aldrich) was used. 20 pl of
samples and 180 pl of substrate solution were deposited in wells of a 96 well-plate. The
plate was incubated for 1 h at 37°C. Thereafter, the reaction was stopped by adding 100 pl
of NaOH (1M). The reaction was revealed measuring the absorbance through a microplate

reader in the range 405-450 nm.

3.3.4. Immunoflorescence

8.5 x 10* tHESCs were seeded on rounded slides in a 12-well plates and decidualized as
described above (see 2.2.1 item). After 72 h of decidualization, the slides were washed, fixed
with cold formaldehyde for 10 min and permeabilized with 0.2% Triton for 5 min at room
temperature. The slides were blocked in 5% Bovine Serum Albumin (BSA) for 30 minutes
and incubated overnight with mouse anti-human LAMP-1 (Santa Cruz) diluted 1 : 250 in
PBS. The day after, the slides were washed and incubated for 1 h with goat anti-mouse IgG
(H&L), DyLightTM 488 (ThermoFisher) diluted 1:300 in PBS. Images were acquired on Zeiss
LSM700 confocal microscope and analyzed wusing Image ] software (NIH Image;

https:/ /imagej.nih.gov/ij/).
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3.4. Statistical analysis

Densitometries  were  performed wusing Image] software (NIH  Image;
https:/ /imagej.nih.gov/ij/). Data are represented as mean + SE and analyzed with
GraphPad Prism 8.3.0 (GraphPad Software, Inc., San Diego, CA). The obtained data were
statistically examined through the ‘One-way Anova test’, followed by ‘Tukey’s multiple

comparison test’. p < 0.05 was considered to be statistically significant.
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4. Results

4.1. Effect of BPA on spheroid expansion in 3D co-culture model

A study performed by Gao and colleagues, observed that in co-culture model with Jeg-3
spheroids on decidualized stromal cells, BPA treatment (10 uM) suppressed invasion and
outgrowth of spheroid (Gao et al., 2019). To evaluate the effect of a BPA (1 pM) pre-exposed
endometrium on the HTR-8/SVneo cell migration, we used a direct 3D co-culture model
cultured for 48 h. Spheroid outgrowth area was defined by a yellow line. BPA reduced
significantly the SPHD outgrowth area onto decidualized tHESCs respect to the control
group (*p<0.05). The fluorescent trophoblast labeling confirms the position of cells into 3D

co-cultures in each condition and time (24h and 48h) (Figure 9).
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Figure 9. BPA impact on spheroid expansion in 3D co-culture model. (A) Representative
images of spheroid outgrowth at 24h and 48h co-cultured with tHESCs pre-treated with 1
pM BPA or with vehicle (Control). Spheroid outgrowth area was defined by a yellow line.
(B) Percentual of outgrowth area of BPA group vs control. Data are presented as mean + SE

(*p <0.05) (n = 3).

4.2, Effect of p-NP on spheroid expansion in 3D co-culture model

Once demonstrated the effect of BPA on SPHD expansion, the results stimulated us to
investigate the effect of p-NP on SPHD outgrowth at the same culture conditions. The
tHESCs were pre-exposed a two different doses of p-NP, 1 nM and 1 pM. Both p-NP doses
showed a significant reduction in the outgrowth area of SPHD co-cultured with tHESCs
previously exposed to the chemical during decidualization respect to control group (*p<0.05

1 pM vs control; **p<0.01 1nM vs control). (Figure 10).
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Figure 10. p-NP impact on spheroid expansion in 3D co-culture model. (A) Representative
images of spheroid outgrowth at 24h and 48h co-cultured with tHESCs treated with 1 pM
and 1 nM p-NP or only the vehicle (Control). Spheroid outgrowth area was defined by a
yellow line. (B) Percentual of outgrowth area of p-NP groups vs control. Bar scale = 358.4
um. Data are presented as mean + SE (*p < 0.05; **p<0.01) (n = 3).
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4.3. Effect of p-NP during tHESCs decidualization.

In order to elucidate possible factors that are involved in reducing trophoblast migration in
the co-culture model, we decided to evaluate the effects on each cell type separately. First
of all, was evaluated the effect of p-NP during tHESCs decidualization by analysis of two
proteins involved in decidualization process, PRL and Connexin 43 (CX-43). The results
demonstrated the PRL levels significantly decreased in tHESCs treated with 1 nM and 1
PM of p-NP respect to the control group. (**p<0.005; **p<0.001) (Figure 11A). Besides that,
the PRL mRNA expression showed a trend of reduction in the cells treated with p-NP doses
Figure 11B). Even though the PRL results demonstrated a decrease in tHESCs
decidualization treated with p-NP doses, no effect was observed on the CX-43 levels on these

cells (Figure 11C).

34



]
® * Kok
N 15
- k. E w
24K : PRL £e
. 1]
c c
< S 1.07
=3
42 K B-Actin §§
g2 E£05
23
L
2 o0
= 3
© ) Q
o 00& L ~ 1
p-NP
B ©
£ < 157
- T
g2
c % _g
K=l %) ]
8 EE 1.0
©2%5
s _L
38z
<« © O 0.57
Zon0n
o<
£L0
g £
[ 0.0- : o
o Control 1pM 1nM
L 1
p-NP
C 3
N Q Q R
SIS g5
P Q S = O
IN IN 3§ 4-
st
43K CX-43 £3 34
ow
)
T 2
25’
p— - £<
37K — GAPDH 5314
-0
™ -t
N |
% 0
o Control 1pM
1
p-NP

Figure 11. Effect of p-NP on prolactin (PRL) and connexin 43 (CX-43) protein level and
expression in decidualizing tHESCs treated or not with p-NP (1pM and 1nM). (A)
Representative WB (left panel) and corresponding densitometry (right panel) of PRL levels
in tHESCs treated with p-NP (1pM and 1nM) or only the vehicle (Control) (n=3). (B) Fold
change of PRL mRNA expression (n=1). (C) Representative WB and densitometry of CX-43
levels (n=3). Data are presented as mean + SE (**p<0.005; ***p<0.001).
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4.4. Migration assay of HTR-8/SVneo cells treated with tHESC conditioned media pre-
exposed to p-NP

To assess the influence of the conditioned media of tHESC (tHESC-CM), pre-exposed or
not to p-NP (p-NP tHESC-CM), on the migration of HTR-8/SVneo, trophoblast cells were
treated with the conditioned media and a scratch migration test was performed. Figure 12
shows that tHESC-CM reduce significantly the migration of HTR-8/SVneo cells after 18h
respect to those cells non treated with tHESC-CM (*p<0.05). Moreover, the p-NP tHESC-CM
obtained by 1 pM of p-NP demonstrated a significant decrease on HTR-8/SVneo migration

compared with tHESC-CM of the control group (*p<0.05) (Figure 13).
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Figure 12. Scratch test. (A) Representative images of HTR-8/SVneo migration treated or not
(control group) with tHESC conditioned medium at Oh, 18h and 24h after scratch. (B) Fold

change of migration of HTR-8/SVneo. Bar scale = 358.4 pm. Data are presented as mean *

SE (*p < 0.05) (n=3).
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Figure 13. Scratch test. (A) Representative images of HTR-8/SVneo migration with tHESC
conditioned medium treated or not (control group) with p-NP (1pM and 1nM) at Oh, 18h
and 24h after scratch. (B) Fold change of migration of HTR-8/SVneo. Bar scale = 358.4 pm.

Data are presented as mean + SE (*p < 0.05) (n=3).

4.5. The effect of tHESC conditioned media pre exposed to p-NP in adhesion of HTR-
8/SVneo cells

To better understand how the conditioned media of tHESC pre exposed to p-NP interferes
with the migration of HTR-8/SVneo cells, the expression of adhesion molecules, such as
a5pl Integrin and CD9 in the trophoblast line, was evaluated. The tHESC-CM obtained by
the treatment with p-NP had no effect on a5p1 Integrin levels on HTR-8/SVneo at any p-NP
concentration used while it significantly reduced the CD?9 levels at both doses (1pM and
1nM) as compared with the tHESC-CM of control group (*p<0.05; **p<0.01) (Figure 14 A,

B).
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Figure 14. Effect of p-NP on Integrin a5 subunit (a5) and CD9 protein levels in HTR-
8/SVneo treated with tHESC conditioned medium exposed or not to (Control) p-NP (1pM
and InM). (A) Representative WB (left panel) and corresponding densitometry (right panel)
of integrin ab levels on HTR-8/SVneo (n=3). (B) Representative WB (left panel) and
densitometry (right panel) of CD9 levels (n=3). Data are presented as mean + SE (*p<0.05;
**p<0.01).
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4.6 Effect of p-NP treated tHESC conditioned medium on metalloproteinases in HTR-

8/SVneo.

To evaluate the impact of conditioned media from p-NP treated tHESCs (tHESC-CM) on
trophoblast migration, MMP-9 and MMP-2 levels on HTR-8/SVneo cells were tested. Figure
15 shows that p-NP tHESC-CM induced a reduction in MMP-9, even if not significant
compared to tHESC-CM of control group (Figure 15A). There was no effect of p-NP tHESC-

CM on MMP-2 levels in trophoblast cells (Figure 15B).

Q Q
A
A & Q’e Q’é T 1.5-
& N -2
O N N ¢ s
— — 255
T ET 1.04
92K | & MMP-9 g
9%
.z & 051
=6«
=00
STK | e | GAPDH =
S 0.0-
Control
Q Q
& Q,e Q§ 5o 20
B S D £0
O \Q '\Q [ %
° ) o 1.5
SE5
64 K MMP-2 23<
e B B . 5510
sNG
- = L
5 o g = 0.5
37K | =—— —— — | GAPDH £s
= 0.0-

Control

Figure 15. Effect of p-NP on metalloproteinases (MMP-9 and MMP-2) levels in HTR-
8/SVneo treated with tHESC conditioned medium obtained or not (Control) by treatment
with p-NP (1pM and 1nM). (A) Representative WB (left panel) and corresponding
densitometry (right panel) of MMP-9 levels on HTR-8/SVneo (n=3). (B) Representative WB
(left panel) and densitometry (right panel) of MMP-2 levels (n=3). Data are presented as

mean * SE.
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4.7. Effect of p-NP on lysosome biogenesis during decidualization process.

The mechanism of lysosomal biogenesis is coordinated by the transcription factor EB
(TFEB), which regulates the expression of proteins such as LAMP-1 and cathepsin D (CTSD)
(Settembre et al 2011). In order to assess the lysosome biogenesis in tHESC decidualized in
presence of the chemical, a qPCR was performed to examine the TFEB mRNA expression.
tHESCs decidualized in presence of p-NP presented a significant increase in TFEB mRNA
expression respect to tHESC-CM of control group (*p<0.05) (Figure 16A). To further
investigate the p-NP stimulated biogenesis of lysosomes, a Western blot analysis to examine
LAMP 1 protein levels was performed. Treatment with p-NP induced an increase even if
not significant of LAMP 1 protein levels in decidualized tHESC treated with 1pM of p-NP
(Figure 16B). We then confirmed the rise of lysosome number by qualitative
immunofluorescence for LAMP- 1 (red) in the decidualized tHESC treated or not with the
chemical. Figure 16C shows a higher presence of lysosomes confirming an increase of

lysosomes biogenesis on tHESCs exposed to 1pM of p-NP as respect to the control group.
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Figure 16. Effect of p-NP on TFEB expression and LAMP-1 levels in decidualizing

tHESCs treated with p-NP (1pM and 1nM) or not (Control). (A) Fold change of TFEB

mRNA expression in decidualized tHESC (n=3). Data are presented as mean * SE (*p<0.05).

(B) Representative WB (left panel) and corresponding densitometry (right panel) of LAMP-

1 levels during tHESC decidualization (n=3). (C) Qualitative immunofluorescence of

LAMP-1 levels in decidualizing tHESCs (n=3). Magnification 40 x .
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4.8. Effect of p-NP on lysosome exocytosis and extracellular matrix remodeling during
decidualization process.

Based on the rise of lysosome biogenesis, we decided to evaluate if also the lysosomal
exocytosis was altered by the treatment of the chemical during decidualization. Acid
phosphatase is one of the acid hydrolases that are normally present in lysosomes and can
be released in the extracellular environment by lysosomal exocytosis, thus, the acid
phosphatase activity in the conditioned media was tested. tHESC exposed to 1pM p-NP
showed a significant decrease in the acid phosphatase activity (*p<0.05 vs Control) and
those cells treated with InM p-NP increased significantly the enzyme activity at the

conditioned media compared to the tHESC control group (***p<0.001) (Figure 17 B).

This data was further corroborated when it was evaluated the intracellular Cathepsin D
(CTPS D) protein levels that were significantly decreased on tHESCs treated with 1nM p-
NP respect to the 1pM p-NP group (*p<0.05) (Figure 17C). Interestingly, The CTPS D levels

on conditioned media increased on tHESCs exposed a 1nM of p-NP (Figure 17 D).

Based on the fact that CIPS D is capable of degrading extracellular matrix components, we
decided to evaluate the intra and extracellular expression of fibronectin. Figure 18 A shows
that the conditioned media of tHESC exposed to InM of p-NP presented a significant
reduction of fibronectin expression when compared to control group (*p<0.05). On the other
hand, intracellular fibronectin expression showed no difference in intracellular fibronectin

levels between p-NP treated and control groups. (Figure 18 B).

42



w

A H;Ldro\ytic Enzyme

°_e
"
. PO
A e
i

2 1
~" Exocytosis °

L ] Hkk

-
[,
1

-
o
1

Primary Q _
Lysosome Q Q

t

(Fold change )

I
o
)

Phosphatase activity
relative to total cell protein

o
=)
T

2 Golgi T 7
Control 1pM 1nM

p-NP

-
(3]
1
*

-
o
1

3/BK | e N " CTPS D

37K | S S—— CAPDH

b
(5,
1

(Fold change)

Cathepsin D levels compared
o
b

to control normalized to GAPDH

Control 1pM
1

Ponceau

Figure 17. Effect of p-NP on acid phosphatase activity and Cathepsin D levels in
decidualizing tHESCs exposed or not (Control) to p-NP (1pM and 1nM). (A) Image report
exocytosis process of hydrolytic enzymes. (B) Acid phosphatase activity on decidualizing
tHESCs conditioned medium (n=3). (C) Representative WB (left panel) and corresponding
densitometry (right panel) of intracellular Cathepsin D levels during tHESC decidualization
(n=3). (D) Representative WB of Cathepsin D levels on decidualizing tHESCs conditioned
medium (n=2). Data are presented as mean + SE (*p<0.05; ***p<0.001).
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Figure 18. Effect of p-NP on Fibronectin levels on decidualizing tHESCs exposed or not
(Control) to p-NP (1pM and 1nM). (A) Representative WB (left panel) and corresponding
densitometry (right panel) of extracellular Fibronectin levels during tHESC decidualization
(n=3). (B) Representative WB (left panel) and densitometry (right panel) intracellular of
Fibronectin levels on decidualizing tHESCs conditioned medium (n=3). Data are presented

as mean + SE (*p<0.05).
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5. Discussion

5.1 Previous studies on the effects of BPA and p-NP in cells and tissues at the materno-
fetal interface

In 2010, Mork in collaboration with our research group demonstrated that BPA can cross
through the placental barrier and reach the fetus (Merck et al., 2010). In 2011, similarly,
Balakrishnan and colleagues showed that p-NP can be transferred across the human
placenta (Balakrishnan et al., 2011). Due to the capacity of these EDCs to bind to estrogen
receptors and regulate several processes in the materno-fetal interface, numerous studies
have been dedicated to understanding their effects during pregnancy (Bechi et al., 2006;

Mannelli et al., 2015; Paulesu et al., 2018).

Along the years our research group and collaborators have studied the effects of BPA in
different aspects inside the materno-fetal interface, such as the interference on
decidualization markers (Mannelli et al., 2015), the capacity to increase f-hCG secretion and
cell fusion in trophoblast cells (Narciso et al., 2019), and the release of a pro-inflammatory
cytokine the macrophage migration inhibitory factor (MIF) by human placenta (Mannelli et
al., 2014). Moreover, the research group demonstrated the potential of BPA to increase the
expression and plasma membrane location of glucose transporter 1 (GLUT1) (Benincasa et
al, 2020) and to reduce GLUT1 levels in the placenta from mothers with metabolic
dysfunction (Ermini et al., 2021). Studies on HTR-8/SVneo cells also reported that BPA
affects cell invasion by increasing the differentiation process of trophoblast into giant cells
(Spagnoletti et al., 2015). In addition, p-NP produces changes in -hCG secretion and alters

the secretion of cytokines (Bechi et al., 2010, 2006).
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Several other evidence showed the effect of BPA on trophoblast migration and invasion
process in co-culture models with HESCs (Fan et al., 2020a; Li et al., 2018; Wang et al., 2015).
In particular, BPA treatment (10 pM) on decidualized stromal cells, suppressed Jeg-3

spheroid invasion and outgrowth in a co-culture model (Gao et al., 2019).

5.2 Our studies on the effect of BPA and p-NP on spheroid expansion in 3D co-culture
model

Accordingly to previous studies, a direct 3D co-culture model was established during my
PhD course, to examine the effect of BPA and p-NP at the materno-fetal interface. In this
model, trophoblasts and endometrial cells remain in straight contact with each order and
allow a direct and instantaneous cross-talk between both types of cells (Manzan-Martins
and Paulesu, 2021). In order to better understand the effects of BPA and p-NP on pregnancy,
the doses of these chemicals tested in our studies corresponded to those normally found in

human tissues (1nM) or even lower (1 pM).

The studies on BPA demonstrated that even in HTR-8/SVneo cell line the outgrowth area

of spheroids is reduced when these cells are in co-culture with decidualizing tHESCs, pre-

treated with a low dose of BPA (1 nM).

We then decided to start a long study on p-NP as the effects of this chemical are still largely
unknown. Similarly to BPA, p-NP reduced the HTR-8/SVneo spheroid outgrowth area
when these cells were in contact with decidualizing tHESCs pre-exposed to 1pM and 1nM
p-NP. The nontoxicity of used concentrations of p-NP was previous demonstrated by Bechi

and colleagues (Bechi et al., 2013).
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These results demonstrated that contamination of the endometrium with EDCs such as BPA
and p-NP, in a fertile, non-pregnant woman, can cause changes in the endometrial cells
which could be reflected in an alteration of the cross talk of these cells with trophoblast, in

the event of a pregnancy.

5.3 Effect of p-NP on tHESCs decidualization

It is well known that processes of decidualization and remodeling of the extracellular matrix
play a critical role in the invasion process of trophoblast and the endometrium (Gellersen et
al., 2007; Olson et al., 2017). Wongwananuruk and collaborators (2016), reported that in a
co-culture model, decidualizing endometrial stromal cells were able to regulate the HTR-
8/SVneo spheroid expansion and invasion (Wongwananuruk et al., 2016). Therefore we

decided to verify the effects of p-NP on such processes.

The decidualization process is characterized by morphological and biochemical
transformations of the endometrium and is essential for implantation of the embryo
(Gellersen et al., 2007; Olson et al., 2017). The literature reported that EDCs can alter the
endometrium decidualization changing the expression of decidualization markers
(Aghajanova and Giudice, 2011; Xiong et al., 2020). Prolactin (PRL) is one of decidualization
markers and starts to be detected within 24h (Pan-Castillo et al., 2018). Our results showed
that exposition of tHESCs to p-NP decreases cell decidualization reducing the levels of PRL

marker.

Connexins are a family of integral membrane proteins that are involved in the formation of
gap junctions. These proteins were detected in first-trimester villous and extravillous

trophoblast and showed to be involved in human trophoblast differentiation and cell fusion
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(Frendo et al., 2003; Kibschull et al., 2008; Winterhager et al., 1999). The gap junction
formation, mediated by connexin 43 (CX-43) increases in the decidualization process, and
can maintain the connection between cells, limiting the trophoblast invasion and migration.
For this reason, CX-43 is used as a biomarker of decidualization (Wongwananuruk et al.,
2016). Interestingly, in endometriotic conditions, where the trophoblast invasion is
increased, there is a reduction on CX-43 levels on cultured endometrial stromal cells (Yu et
al., 2014). In our study, the tHESC exposition to p-NP presented no changes in levels of CX-
43. Therefore, although p-NP impairs decidualization of tHESC, as demonstrated by the
decrease of PRL, the lack of action on the GAP junctions suggests that, under the effect of p-
NP, endometrial cells retain, at least in part, the ability to limit the migration and invasion

of trophoblast cells.

5.4 Effect of p-NP on HTR-8/SVneo cell migration.

The 3D co-culture model showed a reduction in HTR-8/SVneo spheroid migration placed
into decidualizing tHESC monolayer exposed to p-NP. This suggested that p-NP exposure
produces changes in the endometrial stromal cells triggering the release of signals that are
able to control the migration and invasion of trophoblast process. To better understand this
complex cross-talk between trophoblast and endometrial stromal cells we decided to
perform experiments on an indirect co-culture model in which, tHESC conditioned medium
was tested on the migration of HTR-8/SVneo cells, using a scratch test. Our findings
showed a decrease in trophoblast migration confirming that secretory factors from

decidualizing stromal cells can regulate trophoblast migration.
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Interestingly, Menkhorst and co-workers showed that the conditioned medium from
endometrial cells with incomplete decidualization had a higher effect than that from
complete decidualization (2 days versus 14 days of decidualization) (Menkhorst et al., 2019).
On these bases, we performed studies on p-NP using conditioned media from tHESCs at
incomplete decidualization and showed that the capacity of tHESC conditioned media in
reducing HTR-8/SVneo cell migration was enhanced by pre-exposition of tHESCs to p-NP.
Importantly, the effect of p-NI” was higher at a lower concentrations (1pM). Altogether this
data indicate that an altered decidualization of tHESCs induced by low doses of p-NP

impairs the cross-talk between trophoblast and endometrial stromal cells.

5.5 Effect of p-NP on trophoblast adhesion molecules

During trophoblast migration process, significant interactions are formed between cells and
extracellular matrix (ECM). The adhesion molecules play a crucial role in this process in
which cell surface integrins interact with fibronectin and collagen, the important
components of ECM. In literature was reported that during trophoblast invasion and
migration the fibronectin binding integrin a5p1 expression is upregulated (Damsky et al.,
1994). We evaluated the a5 integrin levels on HTR-8/SVneo treated with conditioned media
from tHESC-CM pre-exposed to p-NP and found that there was no difference in this integrin
level compared to the control. Thus, the p-NP did not impair the adhesion of trophoblast to

tibronectin by a5p1 integrin.

However, it has been demonstrated that the CD9 molecule, a cell surface glycoprotein, is
present in extravillous trophoblast (EVT) and was associated with ab integrin (Fujiwara et

al., 2018; Hirano et al., 1999a). CD9 was related to the invasive characteristics of BeWo cells
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mediated by a5p1 integrin and its interaction with fibronectin facilitating the invasion and
migration of trophoblast (Hirano et al., 1999b). As we observed in our study, there was a
significant decrease in CD9 levels on HTR-8/SVneo treated with tHESC-CM exposed to p-
NP. So the reduction in trophoblast migration could be connected to the decreased levels of
CD?9 and therefore to a reduced interaction between cells and components of ECM at the

materno-fetal interface.

5.6 Effect p-NP on metalloproteinases.

Another explanation for the effect of p-NP on reduction of trophoblast migration could
reside in the MMPs modulation by p-NP. During placental development, trophoblast
secretes metalloproteinases that can degrade and remodel the ECM, facilitating the invasion
and migration of EVTs (Graham and Lala, 1991). Many studies have reported that
alterations on MMP-2 and MMP-9 expressions or the balance MMP/TIMP are correlated
with changes in invasion and migration in the decidua (Wang et al., 2015; Ye et al., 2019).
Even more, was demonstrated that EDCs exposition reduces the migration process in HTR-
8/SVneo cells, by downregulation of MMP-2/9 and by decreasing the integrin a5p1 and
vimentin expression (Wei et al.,, 2020). On this work, HTR-8/SVneo in contact with
conditioned media from tHESC exposed to p-NP presented a reduced protein expression of

MMP-9, even if not statistically significant.

We can therefore speculate that alteration of decidualization induced by p-NP, leads to
altered communication between stromal and trophoblast cells that affects the migration

process by downregulation of CD9 and MMP-9 protein levels.
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Success of pregnancy requires correct embryo development, endometrial decidualization,
and placenta formation. Any disturbance in the processes of decidualization could lead to
embryo implantations failure, miscarriage or disorders on placentation and/or intrauterine

fetal growth restriction (Cha et al., 2012; Gellersen et al., 2007).

5.7 Effect of p-NP on lysosome biogenesis and exocytosis during decidualization
process.

Successful embryo implantation is associated with dynamic changes in the endometrium
(Ye, 2020). Recent studies indicated that changes at the implantation site were induced
entirely by the enzymatic alterations in the endometrium itself. Dynamic presence of
lysosomes and activities of lysosomal enzymes were detected in the endometrium leading
to the establishment of a receptive uterus (Wood, 1973). Studies on mouse model showed
that increased number of lysosomes and lysosomal enzymes from non-decidualized stromal
cells to mature decidual cells suggests the involvement of lysosomes in the differentiation
of endometrial stromal cells into decidual cells to accommodate embryo development and

placental development (Bijovsky and Abrahamsohn, 1992).

The transcription factor EB (TFEB) is responsible to coordinate lysosome biogenesis, by
controlling the expression of lysosomal associated membrane protein 1 and 2 (LAMP-1 and
LAMP-2), as well as the hydrolytic enzymes present in the acidic organelle (Medina et al.,
2011; Settembre et al., 2011). We observed that tHESCs treated with p-NP exhibited an
increase of TFEB expression compared to non-exposed ones, suggesting that the chemical

could trigger the increase of lysosomal biogenesis.
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To confirm the increase of lysosome biogenesis, we measured the levels of LAMP-1 protein
and we observed an increase even if no statistically significant, on the tHESCs treated with
p-NP. Moreover, we observed not only a rise in the number of lysosomes, but also their

targeting to the plasma membrane suggesting an increasing in lysosomal exocytosis.

In order to elucidate the increase of lysosomal exocytosis we have measured the activity of

lysosomal hydrolytic enzyme acid phosphatase in the conditioned media of the tHESC.

During exocytosis , these enzymes are secreted into the extracellular medium and can be
measured by a period of time (Rodriguez et al., 1997; Samie and Xu, 2014). We observed an
increase of acid phosphatase activity in the conditioned media of tHESCs exposed to p-NP
further confirming the lysosomal exocytosis observing. The lysosomal exocytosis releases a
variety of hydrolases such as, phosphatases, proteases, lipases, carbohydrases, sulphatases
(Kolter and Sandhoff, 2005; Schulze and Sandhoff, 2011) in the extracellular environment.
During pregnancy Cathepsins regulate well-defined events of trophoblast invasion
migration, adhesion by remodeling the ECM (Ishida et al.,, 2004). Our data showed a
decrease on intracellular levels of Cathepsin D and an increase of extracellular levels,
demonstrating that treatment with 1nM of p-NP stimulate the release of Cathepsin D by
tHESC. During the initial phases of placentation Cathepsins degrade components of ECM
to facilitate the trophoblast invasion, but after 2 weeks of pregnancy decidualized
endometrial secrete cystatin C, one of the main Cathepsin inhibitor (Laurent-Matha et al.,
2012). Furthermore, it was reported that a raise in cathepsins levels is associated with
recurrent spontaneous miscarriages and the deregulation on its proteolytic activity may

lead a gestational miscarriages (Nakanishi et al., 2005).
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It is well reported in literature that extracellular cathepsins present in the ECM are
responsible for a controlled degradation of fibronectin, collagen and elastin (Buck et al.,
1992; Sloane and Honn, 1984). Our study showed a significant decrease of extracellular
fibronectin in tHESCs exposed to p-NP, while the intracellular protein levels did not change,
so we can speculate that the fibronectin was degraded in the extracellular compartment by

the Cathepsin D released in the extracellular media.

Thus, the p-NP impaired decidualization by lead to an increase of lysosomal exocytosis with
a consequently cathepsin released. The reduction of extracellular fibronectin can be
associated with the reduction of trophoblast migration. In fact, fibronectin acts as a bridging
ligand mediating adhesion and, then, migratory activity of trophoblasts cells by the

interaction with a5f1 integrin receptor and CD?9 (Ili¢ et al., 2004).
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6. Conclusive Remarks

In conclusion, this study showed that pre-exposition of endometrial stromal cells to
endocrine disruptors, bisphenol A and para-nonylphenol, leads to an impaired
decidualization, as well as lysosomes biogenesis and trophoblast cell migration. These
changes might compromise the implantation of the placenta and its development leading to
complications during pregnancy or even gestational loss. Our data encourage to investigate
the possible pathways involved in this important and complex cross-talk between uterus

and placenta, at the materno-fetal interface.

54



7. Bibliography

Achilli, T.-M., McCalla, S., Tripathi, A., Morgan, J.R., 2012. Quantification of the Kinetics and Extent of Self-
Sorting in Three Dimensional Spheroids. Tissue Engineering Part C: Methods 18, 302-309.
https://doi.org/10.1089/ten.tec.2011.0478

Aghajanova, L., Giudice, L.C., 2011. Effect of bisphenol A on human endometrial stromal fibroblasts in vitro.
Reprod Biomed Online 22, 249-256. https://doi.org/10.1016/j.rbmo.2010.12.007

Almeida, M.P.0O., Mota, C.M., Mineo, T.W.P., Ferro, E.A.V., Barbosa, B.F., Silva, N.M., 2021. Heme Oxygenase-
1 Induction in Human BeWo Trophoblast Cells Decreases Toxoplasma gondii Proliferation in
Association With the Upregulation of p38 MAPK Phosphorylation and IL-6 Production. Front
Microbiol 12, 659028. https://doi.org/10.3389/fmicb.2021.659028

Andrews, N.W., 2002. Lysosomes and the plasma membrane: trypanosomes reveal a secret relationship. J
Cell Biol 158, 389—394. https://doi.org/10.1083/jcb.200205110

Avagliano, L., Terraneo, L., Virgili, E., Martinelli, C., Doi, P., Samaja, M., Bulfamante, G.P., Marconi, A.M., 2015.
Autophagy in Normal and Abnormal Early Human Pregnancies. Reprod Sci 22, 838-844.
https://doi.org/10.1177/1933719114565036

Baker, M.E., Chandsawangbhuwana, C., 2012. 3D Models of MBP, a Biologically Active Metabolite of
Bisphenol A, in Human Estrogen Receptor a and Estrogen Receptor B. PLOS ONE 7, e46078.
https://doi.org/10.1371/journal.pone.0046078

Balakrishnan, B., Thorstensen, E., Ponnampalam, A., Mitchell, M.D., 2011. Passage of 4-nonylphenol across
the human placenta. Placenta 32, 788—792. https://doi.org/10.1016/j.placenta.2011.07.014

Ball, E., Bulmer, J.N., Ayis, S., Lyall, F., Robson, S.C., 2006. Late sporadic miscarriage is associated with
abnormalities in spiral artery transformation and trophoblast invasion. J Pathol 208, 535-542.
https://doi.org/10.1002/path.1927

Barker, D.J.,, 1990. The fetal and infant origins of adult disease. BMJ 301, 1111.
https://doi.org/10.1136/bmj.301.6761.1111

Barker, D.J.P., Eriksson, J.G., Forsén, T., Osmond, C., 2002. Fetal origins of adult disease: strength of effects
and biological basis. Int J Epidemiol 31, 1235-1239. https://doi.org/10.1093/ije/31.6.1235

Basharat, A., Rollison, H.E., Williams, D.P., Ivanov, D.P., 2020. HepG2 (C3A) spheroids show higher sensitivity
compared to HepaRG spheroids for drug-induced liver injury (DILI). Toxicol Appl Pharmacol 408,
115279. https://doi.org/10.1016/j.taap.2020.115279

Bechi, N., letta, F., Romagnoli, R., Focardi, S., Corsi, I., Buffi, C., Paulesu, L., 2006. Estrogen-like response to p-
nonylphenol in human first trimester placenta and BeWo choriocarcinoma cells. Toxicol Sci 93, 75—
81. https://doi.org/10.1093/toxsci/kfl043

55



Bechi, N., letta, F., Romagnoli, R., Jantra, S., Cencini, M., Galassi, G., Serchi, T., Corsi, ., Focardi, S., Paulesu,
L., 2010. Environmental levels of para-nonylphenol are able to affect cytokine secretion in human
placenta. Environ Health Perspect 118, 427—-431. https://doi.org/10.1289/ehp.0900882

Bechi, N., Sorda, G., Spagnoletti, A., Bhattacharjee, J., Vieira Ferro, E.A., de Freitas Barbosa, B., Frosini, M.,
Valoti, M., Sgaragli, G., Paulesu, L., letta, F., 2013. Toxicity assessment on trophoblast cells for some
environment polluting chemicals and 17B-estradiol. Toxicol In Vitro 27, 995-1000.
https://doi.org/10.1016/j.tiv.2013.01.013

Benincasa, L., Mandala, M., Paulesu, L., Barberio, L., letta, F., 2020. Prenatal Nutrition Containing Bisphenol
A Affects Placenta Glucose Transfer: Evidence in Rats and Human Trophoblast. Nutrients 12.
https://doi.org/10.3390/nu12051375

Benirschke, K., Kaufmann, P., 1990. Early Development of the Human Placenta, in: Benirschke, K., Kaufmann,
P. (Eds.), Pathology of the Human Placenta. Springer, New York, NY, pp. 13-21.
https://doi.org/10.1007/978-1-4757-4193-3 2

Berger, R.G., Foster, W.G., deCatanzaro, D., 2010. Bisphenol-A exposure during the period of blastocyst
implantation alters uterine morphology and perturbs measures of estrogen and progesterone
receptor expression in mice. Reproductive Toxicology 30, 393-400.
https://doi.org/10.1016/].reprotox.2010.06.006

Bijovsky, A.T., Abrahamsohn, P.A., 1992. Changes of the Golgi apparatus and lysosomes during
decidualization in mice. Tissue Cell 24, 635-642. https://doi.org/10.1016/0040-8166(92)90034-5

Bildirici, 1., Longtine, M.S., Chen, B., Nelson, D.M., 2012. Survival by self-destruction: a role for autophagy in
the placenta? Placenta 33, 591-598. https://doi.org/10.1016/j.placenta.2012.04.011

Bischof, P., Irminger-Finger, I., 2005. The human cytotrophoblastic cell, a mononuclear chameleon. Int J
Biochem Cell Biol 37, 1-16. https://doi.org/10.1016/j.biocel.2004.05.014

Bischof, P., Meisser, A., Campana, A., 2000. Paracrine and autocrine regulators of trophoblast invasion--a
review. Placenta 21 Suppl A, S55-60. https://doi.org/10.1053/plac.2000.0521

Bossi, G., Griffiths, G.M., 2005. CTL secretory lysosomes: biogenesis and secretion of a harmful organelle.
Seminars in Immunology, Spacial Organization in Immune Cell Signaling 17, 87-94.
https://doi.org/10.1016/j.smim.2004.09.007

Bronson, S.L., Bale, T.L., 2016. The Placenta as a Mediator of Stress Effects on Neurodevelopmental
Reprogramming. Neuropsychopharmacology 41, 207-218. https://doi.org/10.1038/npp.2015.231

Brosens, J.J., Pijnenborg, R., Brosens, I.A., 2002. The myometrial junctional zone spiral arteries in normal and
abnormal pregnancies: A review of the literature. American Journal of Obstetrics and Gynecology
187, 1416—-1423. https://doi.org/10.1067/m0b.2002.127305

Buck, M.R., Karustis, D.G., Day, N.A., Honn, K.V., Sloane, B.F., 1992. Degradation of extracellular-matrix
proteins by human cathepsin B from normal and tumour tissues. Biochem J 282, 273-278.

56



Burton, G.J., Fowden, A.L., Thornburg, K.L., 2016. Placental Origins of Chronic Disease. Physiol Rev 96, 1509—
1565. https://doi.org/10.1152/physrev.00029.2015

Burton, G.J., Woods, A.W., Jauniaux, E., Kingdom, J.C.P., 2009. Rheological and physiological consequences
of conversion of the maternal spiral arteries for uteroplacental blood flow during human pregnancy.
Placenta 30, 473-482. https://doi.org/10.1016/j.placenta.2009.02.009

Caballero-Campo, P., Dominguez, F., Coloma, J., Meseguer, M., Remohi, J., Pellicer, A., Simén, C., 2002.
Hormonal and embryonic regulation of chemokines IL-8, MCP-1 and RANTES in the human
endometrium during the window of implantation. Molecular Human Reproduction 8, 375-384.
https://doi.org/10.1093/molehr/8.4.375

Calafat, A.M., Kuklenyik, Z., Reidy, J.A., Caudill, S.P., Ekong, J., Needham, L.L., 2005. Urinary concentrations
of bisphenol A and 4-nonylphenol in a human reference population. Environ Health Perspect 113,
391-395. https://doi.org/10.1289/ehp.7534

Cao, X.-L., Zhang, J., Goodyer, C.G., Hayward, S., Cooke, G.M., Curran, I.H.A., 2012. Bisphenol A in human
placental and fetal liver tissues collected from Greater Montreal area (Quebec) during 1998-2008.
Chemosphere 89, 505-511. https://doi.org/10.1016/j.chemosphere.2012.05.003

Caserta, D., Maranghi, L., Mantovani, A., Marci, R., Maranghi, F., Moscarini, M., 2008. Impact of endocrine
disruptor chemicals in gynaecology. Hum Reprod Update 14, 59-72.
https://doi.org/10.1093/humupd/dmm025

Cha, J.,, Sun, X., Dey, S.K., 2012. Mechanisms of implantation: strategies for successful pregnancy. Nat Med
18, 1754-1767. https://doi.org/10.1038/nm.3012

Chen, M.-L., Chang, C.-C., Shen, Y.-J,, Hung, J.-H., Guo, B.-R., Chuang, H.-Y., Mao, I.-F., 2008. Quantification of
prenatal exposure and maternal-fetal transfer of nonylphenol. Chemosphere 73, $239-245.
https://doi.org/10.1016/j.chemosphere.2007.04.091

Chieregatti, E., Meldolesi, J., 2005. Regulated exocytosis: new organelles for non-secretory purposes. Nat Rev
Mol Cell Biol 6, 181-187. https://doi.org/10.1038/nrm1572

Christian, M., Mak, I., White, J.O., Brosens, J.J., 2002. Mechanisms of decidualization. Reprod Biomed Online
4 Suppl 3, 24-30. https://doi.org/10.1016/s1472-6483(12)60112-6

Cohen, M., Meisser, A., Bischof, P., 2006. Metalloproteinases and human placental invasiveness. Placenta 27,
783-793. https://doi.org/10.1016/].placenta.2005.08.006

Conus, S., Simon, H.-U., 2008. Cathepsins: key modulators of cell death and inflammatory responses. Biochem
Pharmacol 76, 1374—1382. https://doi.org/10.1016/j.bcp.2008.07.041

Costa, E.C., Moreira, A.F., de Melo-Diogo, D., Gaspar, V.M., Carvalho, M.P., Correia, I.J., 2016. 3D tumor
spheroids: an overview on the tools and techniques used for their analysis. Biotechnology Advances
34, 1427-1441. https://doi.org/10.1016/].biotechadv.2016.11.002

57



Damsky, C.H., Librach, C., Lim, K.H., Fitzgerald, M.L., McMaster, M.T., Janatpour, M., Zhou, Y., Logan, S.K,,
Fisher, S.J., 1994. Integrin switching regulates normal trophoblast invasion. Development 120, 3657—
3666.

David, A., Fenet, H., Gomez, E., 2009. Alkylphenols in marine environments: Distribution monitoring
strategies and detection considerations. Marine Pollution Bulletin 58, 953-960.
https://doi.org/10.1016/j.marpolbul.2009.04.021

de Weert, J., de la Cal, A., van den Berg, H., Murk, A., Langenhoff, A., Rijnaarts, H., Grotenhuis, T., 2008.
Bioavailability and biodegradation of nonylphenol in sediment determined with chemical and
bioanalysis. Environmental Toxicology and Chemistry 27, 778-785. https://doi.org/10.1897/07-
367.1

Donaghay, M., Lessey, B.A., 2007. Uterine receptivity: alterations associated with benign gynecological
disease. Semin Reprod Med 25, 461-475. https://doi.org/10.1055/s-2007-991044

Dou, Y., Wu, H,, Li, H,, Qin, S., Wang, Y., Li, J., Lou, H., Chen, Z, Li, X., Luo, Q., Duan, S., 2012. Microglial
migration mediated by ATP-induced ATP release from lysosomes. Cell Res 22, 1022-1033.
https://doi.org/10.1038/cr.2012.10

Dunn, C.L, Kelly, R.W., Critchley, H.O.D., 2003. Decidualization of the human endometrial stromal cell: an
enigmatic transformation. Reprod Biomed Online 7, 151-161. https://doi.org/10.1016/s1472-
6483(10)61745-2

Ermini, L., Nuzzo, A.M., letta, F., Romagnoli, R., Moretti, L., Masturzo, B., Paulesu, L., Rolfo, A., 2021. Placental
Glucose Transporters and Response to Bisphenol A in Pregnancies from of Normal and Overweight
Mothers. IntJ Mol Sci 22, 6625. https://doi.org/10.3390/ijms22126625

Eskelinen, E.-L., Tanaka, Y., Saftig, P., 2003. At the acidic edge: emerging functions for lysosomal membrane
proteins. Trends Cell Biol 13, 137-145. https://doi.org/10.1016/s0962-8924(03)00005-9

Fan, H., Jiang, L., Lee, Y.-L.,, Wong, C.K.C., Ng, E.H.Y., Yeung, W.S.B., Lee, K.-F., 2020a. Bisphenol compounds
regulate decidualized stromal cells in modulating trophoblastic spheroid outgrowth and invasion in
vitrot. Biology of Reproduction 102, 693—704. https://doi.org/10.1093/biolre/ioz212

Fan, H., Jiang, L., Lee, Y.-L.,, Wong, C.K.C., Ng, E.H.Y., Yeung, W.S.B., Lee, K.-F., 2020b. Bisphenol compounds
regulate decidualized stromal cells in modulating trophoblastic spheroid outgrowth and invasion in
vitrot. Biol Reprod 102, 693-704. https://doi.org/10.1093/biolre/ioz212

Fisher, S.J., 2015. Why is placentation abnormal in preeclampsia? American Journal of Obstetrics &
Gynecology 213, S115-S122. https://doi.org/10.1016/j.ajog.2015.08.042

Frendo, J.-L.,, Cronier, L., Bertin, G., Guibourdenche, J., Vidaud, M., Evain-Brion, D., Malassine, A., 2003.
Involvement of connexin 43 in human trophoblast cell fusion and differentiation. J Cell Sci 116, 3413—
3421. https://doi.org/10.1242/jcs.00648

Friedrich, J., Seidel, C., Ebner, R., Kunz-Schughart, L.A., 2009. Spheroid-based drug screen: considerations and
practical approach. Nat Protoc 4, 309-324. https://doi.org/10.1038/nprot.2008.226

58



Fujiwara, H., Matsumoto, H., Sato, Y., Horie, A., Ono, M., Nakamura, M., Mizumoto, Y., Kagami, K., Fujiwara,
T., Hattori, A., Maida, Y., Daikoku, T., Imakawa, K., Araki, Y., 2018. Factors Regulating Human
Extravillous Trophoblast Invasion: Chemokine-peptidase and CD9-integrin Systems. Curr Pharm
Biotechnol 19, 764—770. https://doi.org/10.2174/1389201019666181029164906

Galloway, T., Cipelli, R., Guralnik, J., Ferrucci, L., Bandinelli, S., Corsi, A.M., Money, C., McCormack, P., Melzer,
D., 2010. Daily bisphenol A excretion and associations with sex hormone concentrations: results from
the InCHIANTI adult population study. Environ Health Perspect 118, 1603-1608.
https://doi.org/10.1289/ehp.1002367

Gao, J., Song, T., Che, D., Li, C., Jiang, J., Pang, J., Yang, Y., Goma, Li, P., 2019. The effect of bisphenol a
exposure onto endothelial and decidualized stromal cells on regulation of the invasion ability of
trophoblastic spheroids in in vitro co-culture model. Biochemical and Biophysical Research
Communications 516, 506—514. https://doi.org/10.1016/j.bbrc.2019.06.066

Gatidou, G., Vassalou, E., Thomaidis, N.S., 2010. Bioconcentration of selected endocrine disrupting
compounds in the Mediterranean mussel, Mytilus galloprovincialis. Marine Pollution Bulletin 60,
2111-2116. https://doi.org/10.1016/j.marpolbul.2010.07.003

Gellersen, B., Brosens, |.A., Brosens, J.J., 2007. Decidualization of the human endometrium: mechanisms,
functions, and clinical perspectives. Semin Reprod Med 25, 445-453. https://doi.org/10.1055/s-
2007-991042

Gellersen, B., Brosens, J.J., 2014. Cyclic decidualization of the human endometrium in reproductive health
and failure. Endocr Rev 35, 851-905. https://doi.org/10.1210/er.2014-1045

Ghisari, M., Bonefeld-Jorgensen, E.C., 2009. Effects of plasticizers and their mixtures on estrogen receptor
and thyroid hormone functions. Toxicol Lett 189, 67-77.
https://doi.org/10.1016/j.toxlet.2009.05.004

Ghosh, D., Sengupta, J., 1998. Recent developments in endocrinology and paracrinology of blastocyst
implantation in the primate. Human Reproduction Update 4, 153-168.
https://doi.org/10.1093/humupd/4.2.153

Goldman-Wohl, D., Yagel, S., 2002. Regulation of trophoblast invasion: from normal implantation to pre-
eclampsia. Mol Cell Endocrinol 187, 233-238. https://doi.org/10.1016/s0303-7207(01)00687-6

Graham, C.H., Hawley, T.S., Hawley, R.G., MacDougall, J.R., Kerbel, R.S., Khoo, N., Lala, P.K.,, 1993.
Establishment and characterization of first trimester human trophoblast cells with extended lifespan.
Exp Cell Res 206, 204-211. https://doi.org/10.1006/excr.1993.1139

Graham, C.H., Lala, P.K., 1991. Mechanism of control of trophoblast invasion in situ. J Cell Physiol 148, 228—
234. https://doi.org/10.1002/jcp.1041480207

Guenther, K., Heinke, V., Thiele, B., Kleist, E., Prast, H., Raecker, T., 2002. Endocrine disrupting nonylphenols
are ubiquitous in food. Environ Sci Technol 36, 1676-1680. https://doi.org/10.1021/es010199v

59



Haider, S., Meinhardt, G., Saleh, L., Kunihs, V., Gamperl, M., Kaindl, U., Ellinger, A., Burkard, T.R., Fiala, C,,
Pollheimer, J., Mendjan, S., Latos, P.A., Knofler, M., 2018. Self-Renewing Trophoblast Organoids
Recapitulate the Developmental Program of the Early Human Placenta. Stem Cell Reports 11, 537—
551. https://doi.org/10.1016/j.stemcr.2018.07.004

Hawkins, S.M., Matzuk, M.M., 2008. The menstrual cycle: basic biology. Ann N Y Acad Sci 1135, 10-18.
https://doi.org/10.1196/annals.1429.018

Hirano, T., Higuchi, T., Katsuragawa, H., Inoue, T., Kataoka, N., Park, K.R., Ueda, M., Maeda, M., Fujiwara, H.,
Fuijii, S., 1999a. CD9 is involved in invasion of human trophoblast-like choriocarcinoma cell line, BeWo
cells. Mol Hum Reprod 5, 168-174. https://doi.org/10.1093/molehr/5.2.168

Hirano, T., Higuchi, T., Ueda, M., Inoue, T., Kataoka, N., Maeda, M., Fujiwara, H., Fujii, S., 1999b. CD9 is
expressed in extravillous trophoblasts in association with integrin alpha3 and integrin alpha5. Mol
Hum Reprod 5, 162—-167. https://doi.org/10.1093/molehr/5.2.162

Ho, S.-M., Cheong, A., Adgent, M.A., Veevers, J., Suen, A.A.,, Tam, N.N.C,, Leung, Y.-K., Jefferson, W.N.,,
Williams, C.J., 2017. Environmental factors, epigenetics, and developmental origin of reproductive
disorders. Reprod Toxicol 68, 85—-104. https://doi.org/10.1016/].reprotox.2016.07.011

Hohn, H.-P., Denker, H.-W., 2002. Experimental Modulation of Cell-Cell Adhesion, Invasiveness and
Differentiation in Trophoblast Cells. CTO 172, 218-236. https://doi.org/10.1159/000066965

Hombach-Klonisch, S., Kehlen, A., Fowler, P.A., Huppertz, B., Jugert, J.F., Bischoff, G., Schliiter, E., Buchmann,
J., Klonisch, T., 2005. Regulation of functional steroid receptors and ligand-induced responses in
telomerase-immortalized human endometrial epithelial cells. J Mol Endocrinol 34, 517-534.
https://doi.org/10.1677/jme.1.01550

Hong, E.-J., Choi, K.-C., Jung, Y.-W., Leung, P.C.K., Jeung, E.-B., 2004. Transfer of maternally injected endocrine
disruptors through breast milk during lactation induces neonatal Calbindin-D9k in the rat model.
Reproductive Toxicology 18, 661—-668. https://doi.org/10.1016/j.reprotox.2004.03.005

Huotari, J., Helenius, A., 2011. Endosome  maturation. EMBO J 30, 3481-3500.
https://doi.org/10.1038/emboj.2011.286

Ikezuki, Y., Tsutsumi, O., Takai, Y., Kamei, Y., Taketani, Y., 2002. Determination of bisphenol A concentrations
in human biological fluids reveals significant early prenatal exposure. Hum Reprod 17, 2839-2841.
https://doi.org/10.1093/humrep/17.11.2839

Ili¢, D., Kovacic, B., Johkura, K., Schlaepfer, D.D., Tomasevi¢, N., Han, Q., Kim, J.-B., Howerton, K., Baumbusch,
C., Ogiwara, N., Streblow, D.N., Nelson, J.A., Dazin, P., Shino, Y., Sasaki, K., Damsky, C.H., 2004. FAK
promotes organization of fibronectin matrix and fibrillar adhesions. Journal of Cell Science 117, 177—-
187. https://doi.org/10.1242/jcs.00845

Image) [WWW Document], n.d. URL https://imagej.nih.gov/ij/ (accessed 11.21.21).

60



Isaka, K., Usuda, S., Ito, H., Sagawa, Y., Nakamura, H., Nishi, H., Suzuki, Y., Li, Y.F., Takayama, M., 2003.
Expression and activity of matrix metalloproteinase 2 and 9 in human trophoblasts. Placenta 24, 53—
64. https://doi.org/10.1053/plac.2002.0867

Ishida, M., Ono, K., Taguchi, S., Ohashi, S., Naito, J., Horiguchi, K., Harigaya, T., 2004. Cathepsin gene
expression in mouse placenta during the latter half of pregnancy. J Reprod Dev 50, 515-523.
https://doi.org/10.1262/jrd.50.515

Jensen, C., Teng, Y., 2020. Is It Time to Start Transitioning From 2D to 3D Cell Culture? Front Mol Biosci 7, 33.
https://doi.org/10.3389/fmolb.2020.00033

Kajihara, T., Tanaka, K., Oguro, T., Tochigi, H., Prechapanich, J., Uchino, S., Itakura, A., Sudurovi¢, S.,
Murakami, K., Brosens, J.J., Ishihara, O., 2014. Androgens modulate the morphological characteristics
of human endometrial stromal cells decidualized in vitro. Reprod Sci 21, 372-380.
https://doi.org/10.1177/1933719113497280

Kelleher, A.M., Milano-Foster, J., Behura, S.K., Spencer, T.E., 2018. Uterine glands coordinate on-time embryo
implantation and impact endometrial decidualization for pregnancy success. Nat Commun 9, 2435.
https://doi.org/10.1038/s41467-018-04848-8

Khong, T.Y., De Wolf, F., Robertson, W.B., Brosens, I., 1986. Inadequate maternal vascular response to
placentation in pregnancies complicated by pre-eclampsia and by small-for-gestational age infants.
Br J Obstet Gynaecol 93, 1049-1059. https://doi.org/10.1111/j.1471-0528.1986.tb07830.x

Kibschull, M., Gellhaus, A., Winterhager, E., 2008. Analogous and unique functions of connexins in mouse
and human placental development. Placenta 29, 848-854.
https://doi.org/10.1016/j.placenta.2008.07.013

Knofler, M., 2010. Critical growth factors and signalling pathways controlling human trophoblast invasion. Int
J Dev Biol 54, 269-280. https://doi.org/10.1387/ijdb.082769mk

Kolter, T., Sandhoff, K., 2005. Principles of lysosomal membrane digestion: stimulation of sphingolipid
degradation by sphingolipid activator proteins and anionic lysosomal lipids. Annu Rev Cell Dev Biol
21, 81-103. https://doi.org/10.1146/annurev.cellbio.21.122303.120013

Krikun, G., Mor, G., Alvero, A., Guller, S., Schatz, F., Sapi, E., Rahman, M., Caze, R., Qumsiyeh, M., Lockwood,
C.J,, 2004. A novel immortalized human endometrial stromal cell line with normal progestational
response. Endocrinology 145, 2291-2296. https://doi.org/10.1210/en.2003-1606

Kwack, S.J., Kwon, O., Kim, H.S., Kim, S.S., Kim, S.H., Sohn, K.H., Lee, R.D., Park, C.H., Jeung, E.B., An, B.-S,,
Park, K.L., 2002. Comparative evaluation of alkylphenolic compounds on estrogenic activity in vitro
and in vivo. J Toxicol Environ Health A 65, 419-431. https://doi.org/10.1080/15287390252808082

Laemmli, U.K., 1970. Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature 227, 680—-685. https://doi.org/10.1038/227680a0

61



Lala, P.K., Chakraborty, C., 2003. Factors regulating trophoblast migration and invasiveness: possible
derangements contributing to pre-eclampsia and fetal injury. Placenta 24, 575-587.
https://doi.org/10.1016/s0143-4004(03)00063-8

Lala, P.K., Hamilton, G.S., 1996. Growth factors, proteases and protease inhibitors in the maternal-fetal
dialogue. Placenta 17, 545-555. https://doi.org/10.1016/s0143-4004(96)80071-3

Lassen, T.H., Frederiksen, H., Jensen, T.K., Petersen, J.H., Joensen, U.N., Main, K.M., Skakkebaek, N.E., Juul,
A., J, grgensen N., Andersson, A.-M., 2014. Urinary Bisphenol A Levels in Young Men: Association
with Reproductive Hormones and Semen Quality. Environmental Health Perspectives 122, 478-484.
https://doi.org/10.1289/ehp.1307309

Laurent-Matha, V., Huesgen, P.F., Masson, O., Derocq, D., Prébois, C., Gary-Bobo, M., Lecaille, F., Rebiére, B.,
Meurice, G., Oréar, C., Hollingsworth, R.E., Abrahamson, M., Lalmanach, G., Overall, C.M., Liaudet-
Coopman, E., 2012. Proteolysis of cystatin C by cathepsin D in the breast cancer microenvironment.
FASEB J 26, 5172-5181. https://doi.org/10.1096/fj.12-205229

Laws, S.C., Carey, S.A., Ferrell, J.M., Bodman, G.J., Cooper, R.L., 2000. Estrogenic Activity of Octylphenol,
Nonylphenol, Bisphenol A and Methoxychlor in Rats. Toxicological Sciences 54, 154-167.
https://doi.org/10.1093/toxsci/54.1.154

Leonel, E.C.R., Campos, S.G.P., Guerra, L.H.A., Bedolo, C.M., Vilamaior, P.S.L.,, Calmon, M.F., Rahal, P.,
Amorim, C.A., Taboga, S.R., 2020. Impact of perinatal bisphenol A and 17f estradiol exposure:
Comparing hormone receptor response. Ecotoxicol Environ Saf 188, 109918.
https://doi.org/10.1016/j.ecoenv.2019.109918

Li, C.M., Hou, L., Zhang, H., Zhang, W.Y., 2014. CCL17 Induces Trophoblast Migration and Invasion by
Regulating Matrix Metalloproteinase and Integrin Expression in Human First-Trimester Placenta.
Reprod Sci 1933719113519170. https://doi.org/10.1177/1933719113519170

Li, X., Wang, Y., Wei, P., Shi, D., Wen, S., Wu, F., Liu, L., Ye, N., Zhou, H., 2018. Bisphenol A affects trophoblast
invasion by inhibiting CXCL8 expression in decidual stromal cells. Molecular and Cellular
Endocrinology 470, 38—47. https://doi.org/10.1016/j.mce.2017.07.016

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T) Method. Methods 25, 402-408.
https://doi.org/10.1006/meth.2001.1262

Lopez-Mejia, I.C., De Toledo, M., Della Seta, F., Fafet, P., Rebouissou, C., Deleuze, V., Blanchard, J.M,,
Jorgensen, C., Tazi, J., Vignais, M.-L.,, 2013. Tissue-specific and SRSFl-dependent splicing of
fibronectin, a matrix protein that controls host cell invasion. Mol Biol Cell 24, 3164-3176.
https://doi.org/10.1091/mbc.E13-03-0142

Mannelli, C., letta, F., Carotenuto, C., Romagnoli, R., Szostek, A.Z., Wasniewski, T., Skarzynski, D.J., Paulesu,
L., 2014. Bisphenol A Alters -hCG and MIF Release by Human Placenta: An In Vitro Study to
Understand the Role of Endometrial Cells. Mediators of Inflammation 2014, e635364.
https://doi.org/10.1155/2014/635364

62



Mannelli, C., Széstek, A.Z.,, Lukasik, K., Carotenuto, C., letta, F., Romagnoli, R., Ferretti, C., Paulesu, L.,
Wotczynski, S., Skarzynski, D.J., 2015. Bisphenol A modulates receptivity and secretory function of
human decidual cells: an in vitro study. Reproduction 150, 115—-125. https://doi.org/10.1530/REP-
14-0601

Manzan-Martins, C., Paulesu, L, 2021. Impact of bisphenol A (BPA) on cells and tissues at the human
materno-fetal interface. Tissue and Cell 73, 101662. https://doi.org/10.1016/j.tice.2021.101662

Martindill, D.M.J., Riley, P.R., 2008. Cell cycle switch to endocycle: the nucleolus lends a hand. Cell Cycle 7,
17-23. https://doi.org/10.4161/cc.7.1.5228

Massimiani, M., Lacconi, V., La Civita, F., Ticconi, C., Rago, R., Campagnolo, L., 2019. Molecular Signaling
Regulating Endometrium-Blastocyst Crosstalk. Int J Mol Sci 21.
https://doi.org/10.3390/ijms21010023

Mayhew, T.M., 2001. Villous trophoblast of human placenta: a coherent view of its turnover, repair and
contributions to villous development and maturation. Histol Histopathol 16, 1213-1224.
https://doi.org/10.14670/HH-16.1213

Medina, D.L., Fraldi, A., Bouche, V., Annunziata, F., Mansueto, G., Spampanato, C., Puri, C., Pignata, A.,
Martina, J.A., Sardiello, M., Palmieri, M., Polishchuk, R., Puertollano, R., Ballabio, A. 2011.
Transcriptional activation of lysosomal exocytosis promotes cellular clearance. Dev Cell 21, 421-430.
https://doi.org/10.1016/j.devcel.2011.07.016

Menkhorst, E.M., Lane, N., Winship, A.L,, Li, P., Yap, J., Meehan, K., Rainczuk, A., Stephens, A., Dimitriadis, E.,
2012. Decidual-secreted factors alter invasive trophoblast membrane and secreted proteins implying
a role for decidual cell regulation of placentation. PLoS One 7, e31418.
https://doi.org/10.1371/journal.pone.0031418

Menkhorst, E.M., Van Sinderen, M., Correia, J., Dimitriadis, E., 2019. Trophoblast function is altered by
decidual factors in gestational-dependant manner. Placenta 80, 8-11.
https://doi.org/10.1016/].placenta.2019.03.013

Mestre Citrinovitz, A.C., Strowitzki, T., Germeyer, A., 2019. Decreased Autophagy Impairs Decidualization of
Human Endometrial Stromal Cells: A Role for ATG Proteins in Endometrial Physiology. Int J Mol Sci
20, E3066. https://doi.org/10.3390/ijms20123066

Monteiro-Riviere, N.A., Van Miller, J.P., Simon, G., Joiner, R.L., Brooks, J.D., Riviere, J.E., 2000. Comparative
in vitro percutaneous absorption of nonylphenol and nonylphenol ethoxylates (NPE-4 and NPE-9)
through human, porcine  and rat  skin.  Toxicol Ind Health 16, 49-57.
https://doi.org/10.1177/074823370001600201

Megrck, T.J., Sorda, G., Bechi, N., Rasmussen, B.S., Nielsen, J.B., letta, F., Rytting, E., Mathiesen, L., Paulesu, L.,
Knudsen, L.E., 2010. Placental transport and in vitro effects of Bisphenol A. Reproductive Toxicology,
ReProTect Special Issue 30, 131-137. https://doi.org/10.1016/j.reprotox.2010.02.007

63



Moser, G., Gauster, M., Orendi, K., Glasner, A., Theuerkauf, R., Huppertz, B.,, 2010. Endoglandular
trophoblast, an alternative route of trophoblast invasion? Analysis with novel confrontation co-
culture models. Human Reproduction 25, 1127-1136. https://doi.org/10.1093/humrep/deq035

Mufoz-de-Toro, M., Markey, C.M., Wadia, P.R., Luque, E.H., Rubin, B.S., Sonnenschein, C., Soto, A.M., 2005.
Perinatal Exposure to Bisphenol-A Alters Peripubertal Mammary Gland Development in Mice.
Endocrinology 146, 4138—4147. https://doi.org/10.1210/en.2005-0340

Nagase, H., 1997. Activation mechanisms of matrix metalloproteinases. Biol Chem 378, 151-160.

Nagel, S.C., Bromfield, J.J., 2013. Bisphenol a: a model endocrine disrupting chemical with a new potential
mechanism of action. Endocrinology 154, 1962—1964. https://doi.org/10.1210/en.2013-1370

Nakanishi, T., Ozaki, Y., Blomgren, K., Tateyama, H., Sugiura-Ogasawara, M., Suzumori, K., 2005. Role of
cathepsins and cystatins in patients with recurrent miscarriage. Mol Hum Reprod 11, 351-355.
https://doi.org/10.1093/molehr/gah172

Nakashima, A., Cheng, S.-B., Ikawa, M., Yoshimori, T., Huber, W.J., Menon, R., Huang, Z., Fierce, J., Padbury,
J.F., Sadovsky, Y., Saito, S., Sharma, S., 2020. Evidence for lysosomal biogenesis proteome defect and
impaired autophagy in preeclampsia. Autophagy 16, 1771-1785.
https://doi.org/10.1080/15548627.2019.1707494

Narciso, L., letta, F., Romagnoli, R., Paulesu, L., Mantovani, A., Tait, S., 2019. Effects of Bisphenol A on
endogenous retroviral envelopes expression and trophoblast fusion in BeWo cells. Reproductive
Toxicology 89, 35—44. https://doi.org/10.1016/j.reprotox.2019.07.001

Olson, M.R., Su, R., Flaws, J.A., Fazleabas, A.T., 2017. Bisphenol A impairs decidualization of human uterine
stromal fibroblasts. Reproductive Toxicology 73, 339-344,
https://doi.org/10.1016/j.reprotox.2017.07.008

Pan-Castillo, B., Gazze, S.A., Thomas, S., Lucas, C., Margarit, L., Gonzalez, D., Francis, L.W., Conlan, R.S., 2018.
Morphophysical dynamics of human endometrial cells during decidualization. Nanomedicine:
Nanotechnology, Biology and Medicine 14, 2235-2245. https://doi.org/10.1016/j.nan0.2018.07.004

Paulesu, L., Rao, C.V., letta, F., Pietropolli, A., Ticconi, C., 2018. hCG and Its Disruption by Environmental
Contaminants during Human Pregnancy. Int J Mol Sci 19, E914.
https://doi.org/10.3390/ijms19030914

Pellicer, A., Dominguez, F., Remohi, J., Simén, C., 2002. Molecular basis of implantation. Reprod Biomed
Online 5 Suppl 1, 44-51. https://doi.org/10.1016/s1472-6483(11)60216-2

Pifias Carrillo, A., Chandraharan, E., 2019. Placenta accreta spectrum: Risk factors, diagnosis and
management with special reference to the Triple P procedure. Womens Health (Lond) 15,
1745506519878081. https://doi.org/10.1177/1745506519878081

Rai, A., Cross, J.C., 2014. Development of the hemochorial maternal vascular spaces in the placenta through
endothelial and vasculogenic mimicry. Dev Biol 387, 131-141.
https://doi.org/10.1016/j.ydbio.2014.01.015

64



Reddy, A., Caler, E.V., Andrews, N.W., 2001. Plasma membrane repair is mediated by Ca(2+)-regulated
exocytosis of lysosomes. Cell 106, 157—-169. https://doi.org/10.1016/s0092-8674(01)00421-4

Redman, CW.  1997. Cytotrophoblasts: masters of disguise. Nat Med 3, 610-611.
https://doi.org/10.1038/nm0697-610

Rodriguez, A., Webster, P., Ortego, J., Andrews, N.W., 1997. Lysosomes behave as Ca2+-regulated exocytic
vesicles in fibroblasts and epithelial cells. J Cell Biol 137, 93-104.
https://doi.org/10.1083/jcb.137.1.93

Romero, R., Kusanovic, J.P., Chaiworapongsa, T., Hassan, S.S., 2011. Placental bed disorders in preterm labor,
preterm PROM, spontaneous abortion and abruptio placentae. Best Pract Res Clin Obstet Gynaecol
25, 313-327. https://doi.org/10.1016/j.bpobgyn.2011.02.006

Rubin, B.S., 2011. Bisphenol A: an endocrine disruptor with widespread exposure and multiple effects. J
Steroid Biochem Mol Biol 127, 27-34. https://doi.org/10.1016/j.jsbmb.2011.05.002

Rudel, R.A., Camann, D.E., Spengler, J.D., Korn, L.R., Brody, J.G., 2003. Phthalates, Alkylphenols, Pesticides,
Polybrominated Diphenyl Ethers, and Other Endocrine-Disrupting Compounds in Indoor Air and Dust.
Environ. Sci. Technol. 37, 4543-4553. https://doi.org/10.1021/es0264596

Ruivo, R., Anne, C., Sagné, C., Gasnier, B., 2009. Molecular and cellular basis of lysosomal transmembrane
protein dysfunction. Biochim Biophys Acta 1793, 636—649.
https://doi.org/10.1016/j.bbamcr.2008.12.008

Ryu, N.-E., Lee, S.-H., Park, H., 2019. Spheroid Culture System Methods and Applications for Mesenchymal
Stem Cells. Cells 8, 1620. https://doi.org/10.3390/cells8121620

Samie, M.A., Xu, H., 2014. Lysosomal exocytosis and lipid storage disorders. Journal of Lipid Research 55,
995-1009. https://doi.org/10.1194/jIr.R046896

Schaefer, W.R,, Fischer, L., Deppert, W.R., Hanjalic-Beck, A., Seebacher, L., Weimer, M., Zahradnik, H.P., 2010.
In vitro-Ishikawa cell test for assessing tissue-specific chemical effects on human endometrium.
Reprod Toxicol 30, 89-93. https://doi.org/10.1016/j.reprotox.2010.02.002

Schonfelder, G., Wittfoht, W., Hopp, H., Talsness, C.E., Paul, M., Chahoud, I., 2002. Parent bisphenol A
accumulation in the human maternal-fetal-placental unit. Environ Health Perspect 110, A703-707.
https://doi.org/10.1289/ehp.110-1241091

Schulze, H., Sandhoff, K., 2011. Lysosomal lipid storage diseases. Cold Spring Harb Perspect Biol 3, a004804.
https://doi.org/10.1101/cshperspect.a004804

Scippo, M.-L., Argiris, C., Van De Weerdt, C., Muller, M., Willemsen, P., Martial, J., Maghuin-Rogister, G., 2004.
Recombinant human estrogen, androgen and progesterone receptors for detection of potential
endocrine disruptors. Anal Bioanal Chem 378, 664—669. https://doi.org/10.1007/s00216-003-2251-
0

65



Serrano, M.A., Macias, R.I.R., Briz, O., Monte, M.J., Blazquez, A.G., Williamson, C., Kubitz, R., Marin, J.J.G.,
2007. Expression in human trophoblast and choriocarcinoma cell lines, BeWo, Jeg-3 and JAr of genes
involved in the hepatobiliary-like excretory function of the placenta. Placenta 28, 107-117.
https://doi.org/10.1016/].placenta.2006.03.009

Settembre, C., Di Malta, C., Polito, V.A., Garcia Arencibia, M., Vetrini, F., Erdin, S., Erdin, S.U., Huynh, T.,
Medina, D., Colella, P., Sardiello, M., Rubinsztein, D.C., Ballabio, A., 2011. TFEB links autophagy to
lysosomal biogenesis. Science 332, 1429-1433. https://doi.org/10.1126/science.1204592

Sharkey, A.M., Smith, S.K., 2003. The endometrium as a cause of implantation failure. Best Pract Res Clin
Obstet Gynaecol 17, 289-307. https://doi.org/10.1016/s1521-6934(02)00130-x

Singh, M., Chaudhry, P., Asselin, E., 2011. Bridging endometrial receptivity and implantation: network of
hormones, cytokines, and growth factors. J Endocrinol 210, 5-14. https://doi.org/10.1530/JOE-10-
0461

Sloane, B.F., Honn, K.V., 1984. Cysteine proteinases and metastasis. Cancer Metastasis Rev 3, 249-263.
https://doi.org/10.1007/BF00048388

Soares, M.J).,, Varberg, K.M., Igbal, K., 2018. Hemochorial placentation: development, function, and
adaptations. Biol Reprod 99, 196-211. https://doi.org/10.1093/biolre/ioy049

Soto, A.M., Justicia, H., Wray, J.W., Sonnenschein, C., 1991. p-Nonyl-phenol: an estrogenic xenobiotic
released from “modified” polystyrene. Environ Health Perspect 92, 167-173.
https://doi.org/10.1289/ehp.9192167

Spagnoletti, A., Paulesu, L, Mannelli, C., Ermini, L, Romagnoli, R., Cintorino, M., letta, F., 2015. Low
concentrations of Bisphenol A and para-Nonylphenol affect extravillous pathway of human
trophoblast cells. Molecular and Cellular Endocrinology 412, 56-64.
https://doi.org/10.1016/j.mce.2015.05.023

Staun-Ram, E., Shalev, E., 2005. Human trophoblast function during the implantation process. Reprod Biol
Endocrinol 3, 56. https://doi.org/10.1186/1477-7827-3-56

Strakovsky, R.S., Schantz, S.L., 2018. Impacts of bisphenol A (BPA) and phthalate exposures on epigenetic
outcomes in the human placenta. Environmental Epigenetics 4. https://doi.org/10.1093/eep/dvy022

Talukder, M.A.S., Balboula, A.Z., Shirozu, T., Kim, S.W., Kunii, H., Suzuki, T., Ito, T., Kimura, K., Takahashi, M.,
2018. Activation of lysosomal cathepsins in pregnant bovine leukocytes. Reproduction 155, 515-528.
https://doi.org/10.1530/REP-18-0078

Tiwari, R., Mehrotra, P.K., Srivastava, A., 2004. Implantation in vitro: co-culture of rat blastocyst and epithelial
cell vesicles. Cell Tissue Res 315, 271-277. https://doi.org/10.1007/s00441-003-0809-y

TSUKAMOTO, S., HARA, T., YAMAMOTO, A., OHTA, Y., WADA, A, ISHIDA, Y., KITO, S., NISHIKAWA, T., MINAMI,
N., SATO, K., KOKUBO, T., 2013. Functional Analysis of Lysosomes During Mouse Preimplantation
Embryo Development. J Reprod Dev 59, 33-39. https://doi.org/10.1262/jrd.2012-096

66



Varanou, A., Withington, S.L., Lakasing, L., Williamson, C., Burton, G.J., Hemberger, M., 2006. The importance
of cysteine cathepsin proteases for placental development. J Mol Med (Berl) 84, 305-317.
https://doi.org/10.1007/s00109-005-0032-2

Vizovisek, M., Fonovi¢, M., Turk, B., 2019. Cysteine cathepsins in extracellular matrix remodeling:
Extracellular ~ matrix  degradation and beyond. Matrix  Biol  75-76, 141-159.
https://doi.org/10.1016/j.matbio.2018.01.024

Walter, I., Schdonkypl, S., 2006. Extracellular Matrix Components and Matrix Degrading Enzymes in the Feline
Placenta during Gestation. Placenta 27, 291-306. https://doi.org/10.1016/j.placenta.2005.02.014

Wang, H., Bocca, S., Anderson, S., Yu, L., Rhavi, B.S., Horcajadas, J., Oehninger, S., 2013. Sex Steroids Regulate
Epithelial-Stromal Cell Cross Talk and Trophoblast Attachment Invasion in a Three-Dimensional
Human Endometrial Culture System. Tissue Engineering Part C: Methods 19, 676—687.
https://doi.org/10.1089/ten.tec.2012.0616

Wang, H., Pilla, F., Anderson, S., Martinez-Escribano, S., Herrer, |., Moreno-Moya, J.M., Musti, S., Bocca, S.,
Oehninger, S., Horcajadas, J.A., 2012. A novel model of human implantation: 3D endometrium-like
culture system to study attachment of human trophoblast (Jar) cell spheroids. Mol Hum Reprod 18,
33-43. https://doi.org/10.1093/molehr/gar064

Wang, Z.-Y., Ly, J., Zhang, Y.-Z., Zhang, M., Liu, T., Qu, X.-L., 2015. Effect of Bisphenol A on invasion ability of
human trophoblastic cell line BeWo. IntJ Clin Exp Pathol 8, 14355—-14364.

Wei, P., Ru, D., Li, X., Shi, D., Zhang, M., Xu, Q., Zhou, H., Wen, S., 2020. Exposure to environmental bisphenol
A inhibits HTR-8/SVneo cell migration and invasion. J Biomed Res 34, 369-378.
https://doi.org/10.7555/JBR.34.20200013

White, R., Jobling, S., Hoare, S.A., Sumpter, J.P., Parker, M.G., 1994. Environmentally persistent alkylphenolic
compounds are estrogenic. Endocrinology 135, 175-182.
https://doi.org/10.1210/end0.135.1.8013351

Winterhager, E., Von Ostau, C., Gerke, M., Gruemmer, R., Traub, O., Kaufmann, P., 1999. Connexin expression
patterns in human trophoblast cells during placental development. Placenta 20, 627-638.
https://doi.org/10.1053/plac.1999.0434

Wongwananuruk, T., Sato, T., Kajihara, T., Matsumoto, S., Akita, M., Tamura, K., Brosens, J.J., Ishihara, O.,
2016. Endometrial androgen signaling and decidualization regulate trophoblast expansion and
invasion in co-culture: A time-lapse study. Placenta 47, 56-62.
https://doi.org/10.1016/j.placenta.2016.09.005

Wood, J.C., 1973. Lysosomes of the uterus. Adv Reprod Physiol 6, 221-230.

Xiong, Y., Wen, X., Liu, H., Zhang, M., Zhang, Y., 2020. Bisphenol a affects endometrial stromal cells
decidualization, involvement of epigenetic regulation. The Journal of Steroid Biochemistry and
Molecular Biology 200, 105640. https://doi.org/10.1016/j.jsbmb.2020.105640

67



Ye, X., 2020. Uterine Luminal Epithelium as the Transient Gateway for Embryo Implantation. Trends
Endocrinol Metab 31, 165-180. https://doi.org/10.1016/j.tem.2019.11.008

Ye, Y., Tang, Y., Xiong, Y., Feng, L., Li, X., 2019. Bisphenol A exposure alters placentation and causes
preeclampsia-like features in pregnant mice involved in reprogramming of DNA methylation of
WNT?2. FASEB J 33, 2732-2742. https://doi.org/10.1096/fj.201800934RRR

Yoshinaga, K., 1988. Uterine receptivity for blastocyst implantation. Ann N Y Acad Sci 541, 424-431.
https://doi.org/10.1111/j.1749-6632.1988.th22279.x

Yu, J., Boicea, A, Barrett, K.L., James, C.0O., Bagchi, I.C., Bagchi, M.K., Nezhat, C., Sidell, N., Taylor, R.N., 2014.
Reduced connexin 43 in eutopic endometrium and cultured endometrial stromal cells from subjects
with endometriosis. Mol Hum Reprod 20, 260—270. https://doi.org/10.1093/molehr/gat087

Zhou, Y., Fisher, S.J., Janatpour, M., Genbacev, O., Dejana, E., Wheelock, M., Damsky, C.H., 1997. Human
cytotrophoblasts adopt a vascular phenotype as they differentiate. A strategy for successful
endovascular invasion? J Clin Invest 99, 2139-2151. https://doi.org/10.1172/1CI119387

68



		2022-02-02T11:27:14+0100
	MANZAN MARTINS CAMILLA




